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ABSTRACT 
A theoretical study was performed to determine tlie effect 
of an unsteady diffuser on the transient behavior of compression 
systems. A nonlinear model of a compression system employing 
a diffuser is developed.  The governing equations for the system 
are established and solved for a wide range of system parameters. 
The effect of an inherently unsteady diffuser in the over- 
all system was examined using empirical relationships obtained 
for a plane wall, subsonic air diffuser by l.ayne and Smith (18). 
It is determined that a compression system with a diffuser is 
generally more unstable than a diffuserless system, as a result 
of the response of the inherent system instability to the forcing 
imposed by the diffuser.  The predicted fluctuation amplitudes 
for the system model are found to essentially increase with 
increased diffuser pressure recovery. 
As expected, the unsteady dynamic response of the system 
with a diffuser is found to depend strongly on the value of 
a non-dimensional parameter B ^ (U/?a) (Vp/AjLj)^, as was 
shown to be the case for a diffuserless system (14). Critical 
values of B which result in the onset of system unsteadiness 
were determined.  It was established that the critical B value 
for the system with a diffuser is essentially the same as that 
for the diffuserless system.  the effect of operating point on 
-1- 
unsteady behavior was investigated, ans was found to be a 
dominant factor for the onset of unsteady flow, although the 
shape of the performance curve was found to have an important 
effect as well.  Also, the influence of the effective inlet 
length was investigated, and it was established that increased 
inlet length appears to have a substantial damping effect on 
an otherwise unstable system. 
-?.- 
CHAP IfR I 
INIRODUCTION 
A.  Background 
A fundamental group of turbomachi nery equipment can be 
classified broadly as compression systems.  Compression systems, 
quite simply, <\re  used to increase the pressure of a working 
fluid.  The primary component of these systems is the device 
that actually does the compression -- a radial or axial com- 
pressor, or a blower, or a pump. Associated equipment also 
is included in the compressor system classification:  ducts, 
plenum chambers, valves, nozzles and diffusers. 
Compression systems an? one of the essential building blocks 
of modern industrial technology.  They are used in jet engines, 
power plants, refineries, chemical plants, food and paper indus- 
tries, and numerous other applications.  Because of their impor- 
tance, it is necessary that their operation be well understood. 
However, our understanding of many aspects of compression sys- 
tems is still poor. 
The flow through a compression system normally is steady. 
Occasionally, the system may be perturbed from its operating 
point by a transitory disturbance.  If fluctuations due to 
the disturbance quickly die out and the system returns to 
steady flow, the compression system is said to have a "stable" 
operating characteristic.  If unsteady flow continues after 
the disturbance is removed, the operating characteristic is 
called "unstable."  Unfortunately, most compression systems 
have potentially unstable ranges of operation.  System behavior 
in these regions is not easy to predict (1). 
Unstable behavior is of prime importance to the designer 
because it can have disastrous effects on system performance 
and even lead to equipment damage or failure.  Unfortunately, 
the unstable behavior of compression systems is difficult to 
generalize because of the complexity of the systems.  There 
arc  a great number of possible system configurations in terms 
of relative placement of major components, and each may have 
a unique dynamic behavior.  Several basic systems have been 
modeled analytically and examined experimentally, but many 
other practical configurations have yet to be considered. 
The broad pur-pose of this thesis is to expand the pool of 
information concerning the unsteady response of compression 
systems. 
Specifically, this thesis investigates a system configura- 
tion that had not been considered previously.  The system con- 
sists of a compression device connected to a plenum chamber, 
at the exit of which is a throttle and then a plane wall diffuser. 
The diffuser adds a new degree of complexity.  Diffusers are 
known to have several different regimes of operation, and in 
particular, can develop a highly unsteady flow behavior.  It 
is expected that an unsteady diffuser could significantly affect 
the entire compression system dynamic hehavior. 
B.  Unstable Behavior of Compression Systems 
The steady-state hehavior of compression devices is usually 
characterized by a performance curve,  figures la and lb show 
typical steady-state performance curves for a compressor and 
a blower, respectively.  The graphs show the (non-dimensional) 
pressure rise produced by the compression device as a function 
of the (non-dimensional) mass flow through the device.  Typically, 
compressors and blowers oeprate near the point of maximum pres- 
sure rise. Unfortunately, this operation point can lead to 
unsteady behavior.  Perturbations in mass flow while the device 
is operating to the left of maximum pressure rise can cause 
largo amplitude oscillations, because small disturbances are 
magnified in this region due to the positive slope of the per- 
formance curve (25).  Thus the point of maximum pressure rise 
represents the normal design limit for useful, steady operation. 
Unstable hehavior of compressors and blowers is difficult 
to generalize.  Tor example, in axial compressors, two types 
of unsteady hehavior can occur:  rotating stall or surge. 
-5- 
Rotating stall is characterized by isolated pockets of relatively 
low speed flow that persist in the compressor and may even 
rotate around the annul us, obstructing the mainflow.  Rotating 
stall induces large vibrating stresses on compressor blading 
that can lead to blade damage or failure.  Surge is a large 
amplitude oscillation, or even reversal, of the total flow 
through the compressor.  It can cause catastrophic failure of 
the entire compression system.  The presence of rotating stall 
or surge results in extremely low efficiencies as well as 
reduced equipment life (2,3). 
Considerable study has been done of the simple compression 
system shown in fig. 2.  The system consists of a compression 
device that discharges through an inlet duct to a plenum chamber, 
at the exit of which is a throttle valve.  Experimental studies 
of this compression system, with a compressor as the compression 
device, have been done by Pearson (4), Huppcrt and Benser (5), 
lluppert (6), Bullock (7), Greitzer (8), Toyama, Runstadler and 
Dean (9), and Dean and Young (10), among others.  Their studies 
concentrated on identifying the type of unsteady behavior 
(rotating stall or surge) which occur for various system oper- 
ating conditions. Although it is difficult to generalize, they 
found that the type of unsteady behavior encountered is dependent 
upon the compressor rotor velocity.  In addition, they found 
-6- 
that  the  volume  of  the  sysloin's  plenum also  has  a  significant 
effect on  unsteady  behavior. 
Analytical   investigations  of  the  system  in  fig.   ?.  have 
been attempted  by  finmons,  et.   al .   (11),   Taylor  (1?),   Bullock   (7), 
Dussourd  (13),  Greit/er  (14,   15),   and Stenning  (16),   among 
others.     The different  studies   represent  varying  degrees  of 
theoretical   sophistication,   and  of ultimate  success   in  predicting 
actual   system behavior,     for example,   rmmons,  ot.   al.   (11) 
used a  linearized analysis,   but   their model  was  unable  to predict 
the  important  largo  scale  oscillatory  behavior  that  occurs   in 
real   systems  since  these  events  are  fundamentally  nonlinear. 
In  the most sophisticated analysis   to date,  Greit/er  (14) 
developed a  nonlinear model   that  includes   the  dynamic  character- 
istics  of the  compressor,     lie  obtained  good  agreement between 
theory and experiment  for predicting  rotating  stall   or surge 
in  axial   compressors   (8,   17).     Greit/er's  approach   is  extended 
in  the present  study   to  a  system  that   includes  an  unsteady 
diffuser at  the   throttle exit  for  the system of Fig.   ?.     The 
unsteady diffuser adds  a  new complexity  to   the  system  that  has 
not been  considered  in   the  literature  to date. 
C.       The Problems  of Unsteady Diffuser flow 
Diffusers  are  used   to  decelerate a  fluid  flow and  recover 
the  largest possible  fraction of  the  fluid's  entering  kinetic 
-7- 
energy.      In   the  process,   the   fluid's   static   pressure   is   increased. 
Diffusers   di'O  vital   components   in  compression  systems.     Di ffuser 
performance   is   generally charac for i /ed  by   the  pressure   recovery 
(ocfficlent,   C       which   represents   the   fraction  of  energy  recovered 
by   the  diffuser.     C()  is  defined  as: 
Cp   -   (P2  -   P])/1, PV" 
whore Pp - P-| is the pressure rise across fho diffuser, and V is 
average axial flow velocity.  The value of C„ is important in 
the design of compression systems; diffusers with high pressure 
recoveries make for more efficient systems. 
Ideally, flow in a diffuser is steady and symmetric.  How- 
ever, diffusers dre  intrinsically unsteady at high pressure 
recoveries.  Regions of "stall" - pockets of recirculating 
fluid - can develop in the diffuser and degrade its performance, 
the existance and behavior of the stall phenomenon results in 
four distinct flow regimes of diffuser operation as shown in 
fig. 3: 
1) Steady, unseparated flow -- no stall; 
2) Transitory stall   stall varies in position, 
si/e, and intensity with time; 
3) I'ully-developed stall -- the main flow is relatively 
steady and continuously attached to one diverging 
wal1 ; and, 
-8- 
4)     .Jet   flow   ■-   the main   flow   is   separated   from  both 
wal Is  of   t ho  (i i ffuser. 
Of  the  four  flow  regimes,   transitory  stall   is   the most complex 
and   least  predictable. 
Iayne and  Smith   (IS)  describe   the  behavior of  the   transitory 
stall   regime   in  two-dimensional,   straight-wal1   diffusers   (shown 
in  fig.   4)   as   follows: 
"lluid  entering  a  diffusor separates   from  the wall   near 
the diffusor exit due  to  the effects  of a  strong  adverse  pressure 
gradient on   the wall   boundary  layer.     this   initial   separation 
creates  a  small   recirculating  region,   called  a   'stall',  which 
grows   toward   the diffusor  throat by  accretion of  fluid  from 
the exit of  the diffusor.     The stall   gradually builds  to a  point 
where  it becomes  unstable and  is washed out of  the diffusor by 
the  through   flow  fluid.     This  stall   formation and wash-out 
process  repeats  in a  quasi-periodic  cycle." 
The behavior of diffusers  in  transitory  stall   has  received 
considerable experimental   investigation.     Smith and  Kline 
(19,  70),  Smith  {7~\)   and  Smith and  I.ayne  (??.)   investigated mean 
stall   period,   stall   period  distribution  and  deviation,  non- 
dimensional   time-scale  and   fluctuation   intensity  in diffusers 
with  transitory stall. 
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for non viscous flows, Lhc I "ulor equation requires that 
a change in velocity must result in a correspond iny change in 
pressure.  therefore, the quasi-periodic buildup and wash-out 
of stalls should bo tfie primary cause of" large scale fluctua- 
tions in pressure and velocity within the diffuser.  I ayne 
and Smith (18) confirmed f. ha t the la rye scale fluctuations 
indeed are caused by the stall cell behavior.  It is expected 
that this phenomenon may also affect tho behavior of the entire 
compression sys loin. 
Simple compression systems with diffusers have been studied 
previously.  Kenny (?3), Groitzer (?4), foyama, Runstadler and 
Dean (9) and Dean and Young (10) examined the unsteadiness in 
throat static pressure within the channel diffuser of a com- 
pressor.  Kenny (?3) proposed that the unsteadiness of a system 
with a diffuser is due primarily to unsteadiness in the throat 
of the diffuser inlet region,  Grei t/er (?A)   theoretically studied 
the interaction of a compressor system directly with a vaneless 
channel diffuser as shown in fig. 5. He found that an exit 
diffuser tends to be destabilizing, i.e., to shift the insta- 
bility point to a higher mass flow than that observed without 
the diffuser.  Foyama et. al. (9) and Dean and Young (10) also 
found that the instability which causes stalling behavior that 
results in violent haekflows occurs in the diffuser entry 
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region.  Fhey agreed that tho diffuser inlet flow is most sensi- 
tive and critical for surge initiation. 
D.  The Present Contribution 
The objective of the present study is to theoretically 
examine the effect of an unsteady diffuser on the unstable flow 
behavior experienced in compression systems.  The basic compression 
system considered is shown in fig. 6.  It consists of an actuator 
(blower or compressor), inlet duct, plenum, throttle duct and 
diffuser. A similar system, without the diffuser, was also con- 
sidered for comparison purposes. 
Two basic systems wen? examined:  the first employed a 
typical compressor type compression device, and the second 
examined a typical blower type device. Blowers and compressors have 
distinctly different performance characteristics as shown in 
Fig. 1, so it is expected that their unsteady characteristics 
would also be different.  The effects of a broad range of dif- 
fuser geometries were examined with each system to determine 
the effect of an unsteady diffuser on each respective system. 
The governing equations were derived for the basic model 
system and the resulting nonlinear coupled ordinary differential 
equations were solved over a wide range of system configurations 
and operating conditions.  The predicted response for each 
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Lost case was then compared to the. non-diffuser case to establish 
the effect of the diffuser, and to determine the importance of 
each of the governing parameters on the system behavior. 
E.  Outline of the Thesis 
A more detailed description of the system studied, and the 
derivation of the governing equations are  presented in Chapter II. 
An outline of the cases studied and the numerical procedure 
used are given in Chapter III.  The results of the theoretical 
investigation are presented in Chapter IV.  In Chapter V, a 
discussion of the results is presented,  finally, Chapter VI 
enumerates the conclusions of the investigation.  The more 
detailed mathematical developments and procedures are presented 
in Appendix A and Appendix B. 
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CMAPTLR II 
GOVERNING IQUATIONS 
A.  Introduction 
There are two types of analytical approaches that can be 
used for the analysis of unsteady systems:  linearized stability 
methods or nonlinear system analyses.  In general, most "real 
world" systems are inherently nonlinear,  linearized stability 
methods approximate the real nonlinear system by using linearized 
equations of motion in a restricted range of operation around 
a supposed mean operating condition. Nonlinear system analyses 
solve the nonlinear equations that describe the system without 
any assumptions regarding the mean operating conditions.  This 
latter approach is intrinsically more difficult to use than 
linearized stability analyses. 
Linearized stability methods have been used to predict 
small amplitude time-dependent effects in compression systems 
by fmmons et. al. (11) and Stenning (16).  However, these analy- 
ses are not applicable to the important practical cases of large 
amplitude unsteady behavior because the linearized equations 
are valid only in a small range around any practical mean 
operating point. 
A nonlinear analysis is required for prediction of large 
amplitude unsteady behavior, multistage and transonic compression 
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systems.  Takata and Nagano (27) were the first to use a non- 
linear analysis, which is called a single-element stability model. 
They used time matching techniques to determine whether a small 
disturbance would grow or decay by calculating the development 
of the flow to some eventual steady-state solution.  In spite 
of the complexity of the calculations, their analysis is limited 
to a single stage compression system or isolated rotor. 
However, a single-element stability model is too simple 
for most practical circumstances. Thus, different methods 
have been developed for the overall lumped parameter analysis 
modeled system in a stage by stage (or even row by row) method, 
with separate volumes and actuator disks for each stage. These 
important methods are called "multi-element stability models", 
and they consider mass, momentum, energy and stage characteris- 
tics for analysis of more complicated system behavior. Using 
this approach, Greitzer (14) developed four non-dimensional 
governing equations for the compression system shown in fig. 2. 
His theoretical predictions for unsteady system behavior were 
found to agree well with experimental data for a three-stage 
axial compressor. 
A similar approach to Greitzer (14) will be used in this 
study. The equations of motion for each system component are 
derived in turn. The equations arc   then combined where possible, 
-14- 
,IIH1  non -diiiicus ional i /cd.     The solution  of  the  four  time-dependent, 
ordinary differential   e(|uations  provides  a  completely general 
description  of   the   system  under  study. 
B. System Model 
The system considered in the present study is shown in 
Fig. 6.  Iluid enters tho system through the compression device, 
passes through an inlet duct of length l.j and cross-sectional 
area Aj, and into a plenum chamber of volume V   The flow is 
discharged from the plenum via a throttle valve, which is in 
a duct of length l.T and cross-sectional area Ar.  The fluid 
finally exits the system through a plane wall diffuser.  A typi- 
cal plane wall diffuser with accompanying diffuser geometry 
parameters is shown in fig. 4. 
C. Simplifying Assumptions 
Tor the compression system considered in this study, it is 
assumed that: 
1) Tho volume of the plenum chamber is large compared to 
the total volume of the inlet duct, the exit duct, and 
the diffuser. 
2) The flows in the ducts are low Mach number (below 0.3) 
and hence can be assumed to bo incompressible. 
3) Pressure rises in the system are small compared to 
the ambient pressure (Pa[;m). 
4) The process within the plenum is compressible and iso- 
thermal . 
For the assumptions listed above, the unsteady behavior of 
the system can bo modeled in a manner analogous to a Hclmholtz 
resonator. The classic llelmholtz resonator consists of a rela- 
tively large volume connected to the environment through a narrow 
duct. Such a system maintains practically uniform compressions 
and expansions in the main volume due to the motion of the fluid 
in the duct (?5).  Applied to the present system, the Helmholtz 
resonator analogy implies that all the kinetic energy of the 
system is due to the fluid flow in the ducts and diffuser, and 
all the potential energy is due to compression of the gas in 
the plenum,  fnimons, et. al. (11) used this idea in their 
linearized analysis of compression systems.  Greitzer (14, 15) 
also employs the llelmholtz resonator analogy in his nonlinear 
system analysis of a compression system. 
D.  fundamental Governing Equations 
In this section, the fundamental conservation laws of 
mass, momentum and energy are applied to each component in the 
model system shown in fig. 6.  The resulting equations govern 
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the time-dependent behavior of the simplified system.  In a 
subsequent section, the equations are nondimensionalized to 
provide the most general set of system (joverning equations. 
More detailed derivations of the equations presented in 
this section aro  given in Appendices A and B. 
Inlet Duct.  Since the flows in the ducts are assumed to 
be incompressible, the only time dependent parameter associated 
with these components is the mass flux.  In the inlet duct, 
the driving force for the mass flux is the pressure difference 
across the duct, which is equal to the pressure rise, C, due 
to the compression device minus the relative plenum pressure 
APJ (APJ  P3 - Patm' P3 is the absolute plenum pressure and 
Pa£m is the absolute ambient pressure).  Thus, the one-dimensional 
momentum equation for the inlet duct becomes, 
I  dm 
n   ■ - ~-  C - APr (1) Aj dt        I 
where LT is the length of the inlet duct and AT is the duct cross- 
sectional area. 
Throttle Duct.  An equation analogous to that for the inlet 
duct is derived for the throttle duct. The pressure difference 
across the duct, APJ, is equal to P^ - P4, where P^ is the 
absolute plenum pressure and P4 is the absolute pressure at the 
entrance to the diffuser. A first integral of the one-dimensional 
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momentum equation yields 
I  dm 
'   
3
   ^      AT dt 
whore IT and Aj- <^rc the length and cross-sectional ar-ea of the 
throttle duct, respectively, and F is tin1 pressure drop across 
the throttle valve. An explicit equation for f can be written 
in  terms  of the  velocity at  the  throttle discharge  plane: 
F   -■  \ ,.v/   (Ha) 
where Vp  is   throttle  velocity,  a  is   the  loss  coefficient  for 
the  throttle  valve and p   is  fluid density.     This  equation  can 
also  lie expressed  in   terms  of  the  throttle mass   flow as: 
in 2 
?PAT' 
(1   <  a) (3) 
Diffuser.  The time-dependent, inviscid, one-dimensional 
diffuser is assumed to behave according to the unsteady Bernoulli 
equation,  for the pressure difference, APn ; P4 - Patm; the 
unsteady Bernoulli equation yields 
m 
2 
,„    D    n     - I       4-  1 1  ' E      /AA-WCOS (w"th 
AP
° ^  ~  
P
'
U,n
  
(
" m?]   u2" ^.AA.sinfwt)^ 
dltlr 
{U^l,^(ARo,AV"^AV,r^<AV.,1"(ARo»)dtE- 
(4) 
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where w is the frequency of the compression system, AR0 is 
initial diffuser area   ratio, and AA is the diffuser area ratio 
variation (AAR/AR0). 
F.xhaust Assembly:  Throttle and Diffuser.  Since the govern- 
ing equations for the throttle and the diffuser share the same 
dependent parameter, m^, it is convenient to combine them into 
one governing equation. The total pressure drop across the 
complete exhaust assembly, APr_, is given by the sum of equations 
(2) and (4) as: 
:si 
where 
E --  („ + l)  E - - (AA..w-cos(wtJ.).((  N , 
AR2' ?PAT
?
  
Vl+AA-sin(w-t)   AR0-T 
ln(ARQ) ^ )-mE (6) 
Plenum. The process in the plenum has been assumed to 
be one of purely gas compression; the kinetic energy of the 
flow in the plenum is assumed negligible. As a result, the 
appropriate governing equation is conservation of mass.  Fur- 
ther, the gas is assumed to undergo only isothermal compression, 
thus, the fluid density can be related to the plenum pressure 
by the first law of thermodynamics. As shown in Appendix A, 
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those fundamental relations can bo combined to yield, 
in, - my 
,V dP 
P  P (/) 
YP  dt 
whore Y is the specific heat ratio. 
Unsteady Compressor/Blower Response.  The steady-state 
behavior of a compression device is characterized by a curve of 
non-dimensional pressure rise versus non-dimensional mass flux 
as shown in Figures la and lb.  Many previous studies have 
assumed that the unsteady behavior of a compression device is 
also well described by the steady state curves ■- that is, that 
the compressor/blower responds in a quasisteady manner.  How- 
ever, Groitzer (14, 15) notes that tin's often is not the case 
in practice.  "When the stall limit line is reached and an axi- 
symmotric compressor flow field becomes unstable," Greitzer 
writes (14), "there is a definite time lag between the onset 
of instability and establishment of the fully developed rotating 
stall pattern." During this time lag, the steady-state relation 
between pressure rise and mass flow is not accurate. 
In his unsteady compression system study, Groitzer (14) 
adopts a first order model to simulate the lag in compression 
device transient response.  This same simple model is employed 
in the present study.  It can be written as 
dC 
dt 
C ss C (8) 
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where C is the compression device pressure rise, Css is pressure 
rise predicted by the steady-state performance curve, and T is 
an experimentally-determined time constant. 
E.  Non-dimensional System Governing Tquations 
As shown in the previous section, there are four time- 
dependent parameters associated with the idealized compression 
system of Fig. 6:  the compressor/blower pressure rise, C; the 
relative plenum pressure rise, AP ( APJ - AP[: - APp -- P3 - Patm); 
the inlet mass flux, m,; and the exit mass flux, iri[-.  the tran- 
sient behavior of these parameters is described by first-order 
differential equations (1), (5), (7) and (8).  the equations 
derived in the last section are dimensional -- a different set 
is required for each system configuration that is studied. To 
provide a more general characterization of the system, the 
governing equations are  now non-dimensionalized. 
for the non-dimensionalization process, characteristic mass 
flow, pressure, and time scales are required. The characteris- 
tic mass flow is taken as pUAj , where U is the compressor/blower 
rotor velocity (U is used here because it also is used to char- 
acterize compressor/blower performance).  Pressures arc  non- 
dimensional ized using the quantity '5 pll2.  finally, since the 
system is modeled in a manner analogous to a llelmholtz resonator, 
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the characteristic time scale is taken as the inverse of the 
Helmholtz frequency, wr.  Heath and Elliot (?5) show that 
is given by 
AI 
VpLl 
(9) 
where a is the speed of sound. 
The full details of the non-dimensionalization procedure 
Arc  shown in Appendix A. After manipulation, the four governing 
differential equations become 
dm, 
dt 
diV 
B(C - AP) 
dt 
dAP 
dt 
(,|) (AP - E) 
-) (mT FT V I
(10) 
(11) 
(12) 
d8- -  (I-)  (Css - O dt   T 
where 
2w c'-I 
N (l.T+(AR"r)-ln(AR0)) \AR0 
A 
(13) 
(14) 
(15) 
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(a   < 
AR? 
(A  
((AR"-l,ln(ARo,Ai: 
AA-w-cos(w.t) 
1tAA-sin(w-t) 
mF 
U  L 
(16) 
I r i-w. (17; 
Note that B and H are  two now non-dimensional parameters 
that help describe the system.  Their practical significance 
will be described briefly. 
To gain insight into the significance of B, equation (14] 
is rewritten in terms of physical variables, 
U 
2 a 
V 
AJLJ 
(18) 
As  can  be  seen   from equation   (18),  B   is  a  parameter  that  relates 
the major dynamic  parameters  of  the  system:     rotor velocity  (U) 
and plenum volume  (V  ).     B  is  non-dimensional;   it  is  the  product 
of a  non-dimensional   rotor velocity  (U/2a)   and  the  square  root 
of a  non-dimensional   relative  plenum volume  (V /AjLT).     Rotor 
velocity  (U)   is  a major dynamic  parameter because  it determines 
the  inertial   force  (|.IJ?/2).     The  relative plenum volume 
(Vp/AjLj)   is   important because  it characterizes  the  role of 
compressibility effects  in  the  llelmholtz  resonator  analogy. 
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Since the speed of sound (a) is generally constant, the 
valve of B is directly proportional to U and a function of the 
square root of V„ for a fixed inlet duct volume (AJLJ).  If the 
non-dimensional plenum volume (Vp/Ajl.j) is held fixed, B repre- 
sents the effects of rotor velocity alone. Thus, increasing 
the inertial force further will accelerate the fluid in the 
duct. By this reason, a general trend toward the occurrence 
of a surge oscillation is increased. 
Given the importance of B in characterizing the dynamic 
parameters of the system, it is not surprising that B and 
the non-dimensional time lag constant r can be related. Greitzer 
(14) argues that the dimensional time constant is proportional 
to the time required for some number of rotor revolutions, n. 
Thus , 
(19) n-2nR U 
"or the non-dimensional time lag, 
n • 2 ii R • w 
x • T • wr 
U 
using the definition of B, 
T - ( -)( u ) • (,--)(-B-) 
I c 
(20) 
This means that for a g"+ven compression device the non-dimensional 
time lag is proportional to 1/B since N, R and l.r are constant. 
-?A- 
The parameter H is a measure of the comparative? si/e of 
the inlet duct and exhaust assembly (throttle duct and diffuser) 
The sum (LT   *■   ( N j r i •   ln(ARQ)))   in  the  numerator of H  can be 
thought of as  an  "effective"  length  of  the exit  duct,   ' pef f- 
Thus,  H  represents   the  quotient of duct  area-to-length  ratios: 
(Aj/l.j) (A/I.)r 
(AT/'Teff)       (A/L)Tj(;ff 
(21) 
II appears in equation (11) and serves to modify the value of 
B, which was defined in terms of inlet duct parameters.  Thus, 
the coefficient (B/H) is the value required for a plonum-to- 
exhaust assembly Hoi mho"! tz resonator. 
F.  Equations for System without a Diffuser 
To evaluate the effects of an unsteady diffuser on com- 
pression systems, it is necessary that the equations for a 
system without a diffuser be derived.  The compression system 
without a diffuser is shown in fig. ?..     Reviewing the fundamen- 
tal governing equations derived in section D of this chapter 
for a system with a diffuser (shown in fig. 6), it can be seen 
that the presence of the diffuser only affects the differential 
equation for the exit mass flow, m,-.  Hence equations (1), (7) 
and (8) for inlet mass flow, plenum pressure, and compression 
device response, and the corresponding non-dimensional equations 
-?5- 
"E- 
(10), (1?) and (13) aPply to tho system without a diffusor. 
flie only now equation requited is for the exit mass Mow, nv 
The equation for nip is derived from a momentum balance on 
the throttle duct, as was performed in section D.  This analysis 
yields 
dmT  AT 
(22) 
where 
and 
  
T
 -  ' (AP - I ) 
dt 
AP
 
;
 
Pp " Patm 
f ^ (1 i .t)m,; 
Non-dimensional i/iny with respect to the scales introduced in 
section F, the equation becomes 
dm 
where 
and 
T
 
;
 (!?)(AP - V) 
dt   b 
AJ/I.J  (A/I.)j 
AT/'-T  (A/!.)T 
AT ? 7 
AT 
.'23) 
!24) 
!25) 
Thus, equations (10), (12), (13) and (23) describe the 
unsteady behavior of a compression system without a diffusor. 
These equations were used by Greit/er (14, 15) in his analysis 
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of rotating stall and surge on axial compressor systems. 
Although the differences between the equations that describe 
systems with and without diffusers are limited to one of the 
four governing equations, two significant differences are appar- 
ent.  The first concerns the parameters H and G, which both 
are quotients of inlet duct to exit duct area-to-length ratios 
(equations ?.]   and 24).  In practical systems without diffusers, 
the throttle duct is typically short compared to its diameter 
while the inlet duct is usually long compared to its diameter, 
so G is less than one for physically realistic systems.  Greitzer 
uses an experimental value of G=0.36 in his analytic study (14). 
for systems with a diffuser, the effective length of the exhaust 
assembly is greater than the length of the throttle duct alone, 
so H is greater than G.  II may be greater than or equal to one 
for physically realistic systems. 
The second, and most important, difference between the 
equations for the systems with and without diffusers is con- 
cerned with the exit pressure drop parameters F and F.  Com- 
paring equations (16) and (?5), it is seen that 
F - F i- D (26) 
where D represents the effect of the diffuser and is given by 
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1 A, 
°   "   
M
   ' AR?)   V    ^    "   (l(AA.sin(w.t)) 
?A, 
((AR".l"n(ARo»AI)    -'  *E 
(29) 
Thus   the  non-dimensional   pressure drop  F   for  the  system with 
a diffuser includes  a  new  time-dependent  term D  in  addition  to 
the non-dimensional   throttle pressure drop F.     This   is a  criti- 
cal   difference.     The  time-dependent behavior of an  unsteady 
diffuser enters   the governing  equations  directly   through   the 
parameter F,  and since all   four governing  equations  are coupled, 
it  is  apparent  that  the entire  system response will   be affected 
by the presence of  the diffuser. 
G.       Summary 
The non-dimensional governing equations for a compression 
system with an unsteady diffuser have been derived.  In addition, 
the equations appropriate for a system without diffuser also 
were presented.  Trom a comparison of the two sets of equations, 
it is clear that the behavior of a system with a diffuser is 
likely to be significantly different from that of a differless 
system.  The major difference between the systems is due to a 
new time-dependent term in the expression for the exit pressure 
drop for the system with a diffuser.  In the next chapter, the 
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strategy for guan L i U t i vely investigating the di f ferences 
between the two systems is described. 
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CHAPTER III 
SI RANGY OK THE INVESTIGATION 
A. Introduction 
The four non-dimensional, coupled, nonlinear differential 
equations (10 to 13) derived in Chapter II completely describe 
the transient behavior of the compression system under study. 
For any given set of system parameters, the equations can be 
solved to determine the response of a compression system to a 
prescribed disturbance. A wide variety of system configurations 
and a range of governing parameters were examined in this study. 
This chapter details: 
1) The diffuser geometries that were considered, and 
the rationale for their selection: 
2) The characteristics of the unsteady diffusers that 
were studied; 
3) The values of the operating parameters that were 
studied, and how and why they were chosen; 
4) The method used to solve the governing equations and; 
5) The way in which required initial conditions were 
determined. 
B. Diffuser Geometries Studied 
The basic purpose of this study was to determine the 
effects of an unsteady diffuser on a compression system. To 
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this end, the diffuser g(?ometries considered were specifically 
chosen because they are known to be highly unsteady. 
It is known that a diffuser's performance is primarily 
determined by its area ratio (AR) and length ratio (N/W,) (for 
example, see Reneau, Johnston and Kline (28)). I.ayne and Smith 
(18) and Smith and I.ayne (22) experimentally investigated a 
wide range of diffusers to identify the effect of diffuser 
geometry on flow unsteadiness. They found that diffuser- 
generated flow unsteadiness increased with increasing N/W-| , with 
N/W] - 6 appearing to generate the most unsteady effects, as 
shown in Figs. 7 and 8. Therefore, the unsteady characteristics 
generated by two-dimensional plane wall diffusers of length 
ratio N/W-j ■■ 6 were selected to be used in this study in order 
to examine the effects of "worst case" diffuser unsteadiness 
on compression systems. 
I.ayne and Smith (18) determined that for a given value of 
length ratio N/W], the level of unsteadiness was significantly 
dependent upon the diffuser area ratio, AR - A2/A] , which can 
also be expressed in terms of the diffuser angle, 2Q.     They 
found that for a given value of N/W] the diffusers exhibiting 
maximum unsteadiness were normally those with an angle of 
20 ~-  20° (see the line of "maximum unsteadiness" in Fig. 8). 
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fixing the geometry (fixed N/W-j , b/W-j , and 2o) of a diffuser 
also fixes the performance or pressure rise across the device. 
This pressure rise can be expressed by the pressure recovery 
coefficient, Cp, defined in Chapter I.  The experimentally- 
determined values of Cp also provide an indication of and can 
be related to the amount of blockage created by regions of stall 
in the diffuser.  In an ideal, inviscid diffuser flow the pressure 
recovery coefficient is related to the diffuser AVQA   ratio by: 
CPid -  1 - A-J?- (28) 
If an experimentally-determined value, Cpe, is substituted for 
Cpid in (28), an effective area ratio AR that accounts for 
the effect of "lost" exit area due to stall regions can be cal- 
culated, viz. 
1 
'1-C 
ARe -    .-.: (29) 
pe 
The expreiments of l.ayno and Smith (18) showed that for a diffuser 
geometry of N/W-j ■- 6 and 20 - 20°, the maximum diffuser unsteadi- 
ness occurred for C[3e " 0.60, as shown in fig. 8.  Tor this value 
of CpC, equation (29) yields an effective area ratio of ARe = 
1.6. Since it was desired to examine a broad range of unsteady 
diffuser conditions, a range of effective area ratios 1.05 < 
ARe < 2.0 were examined. 
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C.       The Characteristics  of Unsteady  Diffusers 
The behavior of an  unsteady diffuser  is   typically  character- 
ized  by  two  parameters:     the  variation  in  effective  diffuser 
area  ratio,  AA,  and  the diffuser wash-out   frequency, w.     AA  is 
a   relative measure of  the  effective  area   ratio  variation  due 
to  stall   blockage  effects   in   the diffuser,  and   is  given  by 
AA  - AARe/ARe, where AARe  represents  the effective diffuser area 
ratio  variation.     The diffuser wash-out  frequency,  w,   is   the 
frequency with which stall   blockage builds  up and washes out of 
a diffuser due to transitory stall   effects. 
In order to determine AA,  the values of diffuser-generated 
flow unsteadiness,  ACp,  experimentally determined  by  I ayne  and 
Smith  (18)  and Smith and  I.ayne  (22)  were  fitted  to corresponding 
values  of AA.     A detailed  calculation  procedure   for determining 
AA is outlined  in Appendix B.     Basically  the diffuser area ratio 
variation, AA,  can be expressed as 
AR -  AR 
. nn   ,nri emax emi n   ,   „n AA - AARe/ARe =      ...--■--■     • / AR£ (30) 
where 
and 
AR emax 
AR     . 
eim n 
1-C pemax 
1-f peimn 
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Also, 
pcmax   "     pe   f Af-pe  ' 2 
*-pemin   '  '-pe  -  AC|)C /2 ;BI 
for example,   for a  diffuser with ARe   =   1.85  and  N/W]    ^  6   (26=19.4°), 
the  value of ACp0   is  0.061,  as  obtained   from fig.   7.     Using  this 
value of ACpe,  a  value of AA of 0.181   is  determined by use of 
equations   (29),   (30),   and   (31).     Similarly,   calculated  values  of 
AA are shown  in  Table  5   for ARe   =  1.05  to  2.0. 
To determine   the diffuser  stall  wash-out  frequency,   the 
time-scales  of  transitory stall   behavior as  determined by Smith 
(21)  were used.     As  Smith  pointed out,   two different  time-scales 
appear to be present  for  transitory stall   behavior:     a  long 
duration  time-scale   ,  and a  short duration  time-scale.     The  long 
duration  time-scale appears  to  correspond  to  large  amplitude 
flow  variations   related  to  total   stall  wash-out behavior.     The 
short duration   time-scale  generally  corresponds   to  flow  varia- 
tions  of lower amplitude and  appears   to  be  primarily  related  to 
oscillation of diffuser stalls.     Thus,   the  present study employs 
the  short duration  time-scales   to  represent  the  approximate 
period of throat static  pressure oscillation within  the  channel 
diffuser of  the  compression  system. 
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for  the  short duration  timo-sclae,   the  non-dimensional 
period,  i,   is  defined  as: 
T  ^      ?-V 02) 
N-sin2e 
where T represents mean time-scale, V mean diffuser inlet velo- 
city, and N is diffusor centerline length.  Smith (21) determined 
that the data for air could be described by 
-0.825 
S = . Re wl 
0.0260 t- 0.0061 (33) 
where Rew, represents a Reynolds number based on inlet diffuser 
width.  A detailed calculation procedure used in the present 
study for determining I  and thus diffuser wash-out frequency, 
w - 1/T, for diffusers in the blower and compressor systems is 
presented in Appendix B.  For example, for an air diffuser with 
ARe =1.85 and N/W-, - 6, T ■---  2.37/sec. and w - 0.4218 sec.-1 for 
the compressor system examined.  In the present study, all 
values of T and w depend on effective diffuser area ratio (ARG), 
N/W-j and the type of compression system examined. 
D.  System Parameters Considered 
Values of B ranging from 0.5 to about 1.5 were examined 
in the present study.  Greitzer (8, 14) examined a similar range 
of values for B in an experimental investigation of the system 
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model shown in Fig. 2.     He found that the value of B was critical 
to determining the stability of a compression system without an 
exhaust diffuser.  It is expected that B will have a significant 
effect of the stability of the system model with a diffuser, as 
examined here. 
The value of H was assumed to be 1.0, which made it somewhat 
larger than the 0.36 value used by Greitzer (8, 14) in his study 
(for the analogous parameter G).  Greitzer determined that G had 
only a minor influence on the unsteadiness of his system model, 
therefore, it is expected that H should also have only a minor 
effect on our system model with a diffuser. 
In addition, the values of non-dimensional time lag constant 
T, shown in equation (20), were considered. As can be seen, T 
is expressed in terms of parameter B and constant values (n, R 
and Lj).  It was assumed that n is 2,  as was assumed by Greitzer 
(8), since he found that the effect of n on his system model was 
weak. Also, the rotor radius (R) and inlet duct length (Lj) 
were established according to the characteristics of the system 
examined (blower or compressor).  Therefore, I is, in essence, 
only proportional to B and Lj. 
E.  Solution Procedure 
The four governing equations (10 to 13) are nonlinear, 
ordinary differential equations that comprise an initial value 
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problem with initial conditions imposed at time, t = 0.  To 
solve this set of equations, two different solution methods 
may be used: one-step methods, and predictor-corrector methods 
as described by Shoup (29). 
One-step methods use a single, previous solution point to 
determine the next solution point.  The advantages of one-step 
methods are:  (1) they are very easy to program, (2) they are 
able to get fourth order accuracy, (3) the procedures are stable, 
(4) they are self-starting methods, and (5) the step size may 
be varied easily.  Disadvantages of these methods are:  (1) there 
is no way to estimate the numerical error incurred for each 
step, (2) difficult problems require long solution times because 
many function evaluations are needed per step, and the methods 
throw away all previous information after each calculation. 
Examples of one-step methods are Euler's method and Runge-Kutta 
methods. Runge-Kutta methods are generally more popular than 
Euler's method because they are more accurate while still being 
easy to program. 
Predictor-corrector methods are known as multi-step methods 
because they determine the solution at the next point using 
information from more than one previous solution point.  Itera- 
tion at each solution point is used to achieve a sufficiently 
accurate numerical answer. Advantages of predictor-corrector 
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methods are:  (1) very  accurate, (?) faster than one-step methods 
for difficult problems because they use all previous information 
for each calculations and require only two evaluations of pre- 
diction and correction to achieve convergence. Disadvantages 
of predictor-corrector methods are:     (1) more complicated to 
program than one-step methods, (2) a starting procedure for one- 
step method is required because they are not self-started, 
(3) solution step sizes cannot be easily modified. Methods of 
this typo include Milne's methods, the Adams-Bashforth method, 
and the Hamming method.  The use of these methods depends on the 
characteristics of the problem to be solved. 
The program used for the solution of the system of governing 
equations (10 to 13) was a DSS/2 (Differential Systems Simulator, 
Version 2)    developed by Schiessor (30). This program implements 
a numerical integration of the initial value type, and is basically 
a fourth-order Runge-Kutta method of the one-step type.  The DSS 
program was developed for large-scale problems, expressed as 
systems of ordinary and partial differential equations.  It can 
accommodate up to 250 simultaneous ordinary differential equations. 
Basically, the solution program usually consists of three 
subroutines (initial, derivative and print) without a main 
program. The output can also be plotted as graphs of up to ten 
dependent variables versus a single independent variable through 
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the  use of a  DSS  plotting   facility.     In  addition  to  the  sub- 
routines,  certain  control   information  is  required   for program 
operation.     The  control   information  required  is  specified  as 
follows:   First,   the  initial   value,   final   value and  interval   of 
the independent variable are specified.     Next,   the number of 
first-order differential   equations,  print and  integration  inter- 
vals,  integration algorithm,  and error messages are input.     The 
maximum ratio of the print interval, which in effect sets  the 
minimum allowable  integration  interval,   is  specified. 
The integration algorithms   in  the DSS program have been 
programmed to automatically adjust  the integration  interval 
according  to a  user-prescribed error criterion.     The  integration 
algorithms presently  implemented  in  the basic  DSS  system can be 
generally classified as  Rungc-Kutta with explicit  truncation 
error estimates.     Fourteen different  integration  algorithms 
of Runge-Kutte methods are available for selection by the user. 
The user can also  select the  type of error,  absolute or relative, 
and the magnitude of the error that can be  tolerated.     The con- 
trol   information described above  is  expressed on data cards with- 
out change of subroutines.     The  great advantages  of DSS/2 are: 
(1)  very easy to adapt to new problems,   (?)   it has  been programmed 
to be accurate and  fast. 
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Tor  the  solution  of our governing  equations,   the print  ti 
interval  was  set to 50  intervals  per second.     That yielded 
intervals of 600 points   representing  12 second  segments.     The 
Runge-Kutta Euler method was selected as  the integration algo 
ithm.     The maximum  ratio of the print  interval   to the minimum 
allowable  integration  interval  was  set to  128.     Maximum relative 
integration error was  taken as  1.0 x  10"   . 
F.       Initial   Conditions^ 
To start the solution of the equations,  the initial  condi- 
tions must be specified.     First,   ranges of values  for effective 
diffuser area  ratio  (ARe) ,   the parameter B,  and  initial  operating 
point (rniin)  were selected.     Next,  values of effective diffuser 
area ratio variation  (AA),  diffuser wash-out frequency  (w),  and 
a Helmholtz  frequency  (wc) were calculated from the selected 
data  (as shown in Appendix B)  and input to the program.     For 
compression device data,  the characteristics of a Buffalo Forge 
Model   6E.     F.S.  with maximum capacity of 4240 ft-fymin.   and 
APmax = 30 inches water  (31)  were chosen for the blower system, 
and  the experimental   compressor  system employed  by Greitzer  (8) 
was chosen for the model   compressor. 
Initially, a steady state starting solution is assumed 
setting riij  = m^ and C ~-  AP -  E  -  Css  at  the  initial   time of 
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t -- 0.  The values of Css wore determined from the approximate 
performance curve using the selected value of iii, (using the pro- 
cedure as shown in Appendix B).  The initial values of AP and C 
arc  set equal to the value of Css at t ■ 0.  To determine the 
loss coefficient («) for the throttle value at the initial oper- 
ating point (mjjn), equation (16) for f is set equivalent to the 
initial value of Css and solved for the initial value of the loss 
coefficient (n). 
It should be noted that this study neglected hysteresis in 
the performance curves, which is normally present for compression 
systems.  Thus, performance curves for the system model which 
are signle valued functions of the mass flow rate (m,) were used. 
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CHAPTER   IV 
RESULTS 
A. Introduction 
This chapter presents the results of the present study. As 
outlined in Chapter III, a number of different parameters and 
configurations were investigated, which allows generalizations 
about the behavior of compression systems with an unsteady 
exhaust diffuser to be made. The results are presented in the 
following sections: 
-- Effect of the system parameters B and H, 
-- Effect of diffuser area ratio, 
-- Effect of a change in operating point, and 
-- Influence of effective inlet length. 
Separate results are given for two different compression systems: 
one employing a typical compressor, the other a typical blower. 
B. Effects of the System Parameters^ 
In chapter III, B was described as the parameter that had 
been determined in previous studies to have the most significant 
effect on compression system behavior.  Recall that B is, in 
effect, a non-dimensional measure of inlet flow inertia and 
plenum chamber capacitance.  Large values of B normally correspond 
to high rotor velocities and/or a large relative plenum volume. 
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In Chapters II and III it was argued that higher values of B 
can be expected to result in increasing system instability. 
Parameter H, on the other hand, was described in Chapter II 
as a minor parameter which is a measure of the comparative length 
effects of the inlet duct to the exhaust assembly (throttle duct 
and diffuser). As pointed out in Chapter III, H is expected 
to have a minor effect on our system model. 
B.l Compressor-Driven System (No Diffuser) 
The effect of parameter B on the performance of a compressor 
system without a diffuser is shown in Figs. 9 and 10. These 
figures show the unsteady behavior of the compressor system for 
a fixed operating point at the peak of the performance curve (as 
shown in Fig. 10).  Four different values of B are presented. 
The initial conditions are my = riv- = 0.48 at t = 0 with a 
corresponding plenum pressure P- = 1.270. These conditions were 
chosen to natch those employed in an experimental study by 
Greitzer (8, 14) in order that the present results can be com- 
pared with his experimental results.  Fig. 9 (a,b) shows the 
response of both inlet and outlet mass flow rates (m, and ifip) 
and plenum pressure (P) to an initial perturbation in a, the 
exit throttle valve setting.  Note that time scale is given as 
T, where: 
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c 
0 
T = t-wc (34) 
and w is the Helmholtz frequency defined by equations (9). 
Although all three of the time responses for B = 0.65 indi- 
ate an unsteady, limit-cycle behavior, the amplitude of the 
fluctuations (primarily in rti,) increase with increasing values 
■f B, as expected. As mass flow fluctuations increase, the fluc- 
tuating plenum pressure also shows a corresponding increase. 
If B is relatively small (under B = 0.65) the fluctuations of 
rfij and P are minimal and quickly damped such that the system 
characteristics achieve stable values. The damping of the system 
is determined by the interaction of the compressor, the throttle 
resistance, and the system fluid inertia, with a damping effect 
proportional to the valve coefficient (a) operating to damp the 
system behavior. As B is increased beyond 0.65 the initial 
mass flow and pressure perturbations grow quickly to large ampli- 
tudes and the operating point of the compression system under- 
goes a limit cycle type of behavior.  It is very  clear that 
larger values of B result in a much more unstable flow. Note 
that the excursions of rtir greatly exceed those in rti,- once a B 
value of 0.65 is exceeded, indicating a very strong interaction 
of plenum characteristics with the compression device, but only 
a limited effect of plenum characteristics on exit conditions. 
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Fig. 10 shows five different transient responses plotted 
over the steady state compressor performance curve.  The four 
response curves shown at Tig. 9, as well as the response curves 
for B = 0.84 are included. As B is increased beyond about 0.84 
the limit cycle behavior basically modifies only in mass flow 
rate, with the fluctuations in m, becoming significantly larger 
with increases in B. Fluctuations in plenum pressure remain 
relatively constant or even decrease slightly for the same 
increases in B (note the decrease in AP from B = 0.84 to 1.0). 
It is possible to compare several of the curves of predicted 
behavior to the experimental data of Greitzer (8), who determined 
the unsteady behavior of a compressor driven system without a 
diffuser for a variety of system configurations.  Figures 11 to 
13 show Greitzer's experimental results for a range of B values 
equivalent to those used for the above predictions. As can be 
seen, Tigs. 9a and 9b with B = 1 .0 of our study and Figs. 11 and 
12b fran Greitzer's experiments for the same B show striking 
similarities after the onset of surge. For the case with B = 
0.65, Fig. 9b of our study and Fig. l?a of the experimental 
data also appear in general agreement with each other, although 
for B = 0.65 there is a more striking "drop" in P at the onset 
of surge for the experimental case.  This drop is felt to be 
associated with the hysteresis portion of the performance 
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curve, which was not modeled   in  the present study.     Although 
the hysteresis  effect was   ignored,   the fluctuation  amplitude 
predicted  by  the present  study and  those measured experimentally 
for both  B =  0.65 and  1.0 compare well,   i.e.,  hlhj       /t\fi\...   =  0-77 
and
 
A
^exp/A^th "  1-14 for B =  1-° and A^exp/A^th =  1-35 for B = 
0.65.    A further comparison  of Figs.   10b to lOe of the present 
study to Figs.   13a to 13d  from Greitzer's experimental   results, 
again shows  that the present results generally agree with exper- 
imentally determined   limit cycle behavior for each value of B. 
That is,  A^Iexp/A^Itn = °-70 t0 T-05 and A^exp/A^th = °-97 to 
1.35 according to the value of B.     Generally,  the present 
results show the predicted  flow rate fluctuation amplitudes  to 
be slightly higher and  the predicted pressure fluctuation ampli- 
tudes  to be slightly lower than  those measured experimentally. 
B.2    Compressor-Driven System (With  Diffuser) 
We next consider the effect of the parameter B on the be- 
havior of the compressor system operating with an unsteady 
exhaust diffuser.    A plane wall  diffuser with ARe =  1.85 and 
N/W-,  = 6 was  selected for our basic  study since this geometry 
was felt to exhibit the most unsteady behavior.    The variation 
in effective diffuser area ratio,  AA,  and the  stall  wash-out 
frequency,  w,   (as derived in Chapter III) were used to charac- 
terize  the  unsteady   forcing  behavior of  the  diffuser.     Table 5 
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gives values of AA derived for six different effective diffuser 
area ratios (ARe).  The value of AA for the diffuser with ARe = 
1.85 and N/W-, : 6 is about 18 percent, which represents an 
effective performance of C  - 0.708 + 0.069.  The value of w 
at the same conditions is 0.1792 sec.  , and the mean time- 
scale T is 5.581 sec. for (a mean diffuser inlet velocity V = 
98.12 rn/s (ifij = 0.77)). 
The effect of parameter B on the performance of a compressor 
systen with a diffuser is shown in Figs. 14 and 15.  Figures 
14a and 14b show the behavior of the inlet and outlet mass 
flow rates and plenum pressure for four different values of 
B. The initial operating point for all curves was set at the 
peak of the steady state performance curve with rti,. = mr. 
' Iin   tin 
0.48 and Pin - 1.270 (see Fig. 15). 
As shown by Fig. 14 (a,b), the system with a diffuser 
exhibits an oscillatory behavior even at B - 0.5 which is 
accutely different than the differless system behavior shown 
in Fig, 9 (a,b). This oscillatory behavior is the response 
of the system to the periodic forcing function imposed by the 
diffuser; note that this is not due to system instability, 
and that the magnitude and frequency of the oscillation is a 
direct function of both the forced variation in effective 
diffuser area ratio (AA) and the selected wash-out frequency 
(w) of the diffuser. 
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If B is increased beyond 0.65, the system with a diffuser 
is shown to exhibit an irregular oscillatory behavior caused 
by the strong interaction between the forcing frequency imposed 
by the diffuser and the natural frequency of the system insta- 
bility itself.  Irregular oscillatory behavior is observed in 
exit mass flow rate (m^) and plenum pressure (P), as well as 
inlet mass flow rate (ITU).  Comparing Fig. 9 (a,b) and Fig. 14 
(a,b) indicates that the system with a diffuser exhibits more 
unsteadiness than the diffuserless system as a result of the 
irregular oscillatory interaction.  Fig. 15 shows the limit- 
cycle type responses of Fig. 14 plotted against the compressor 
performance curves. Comparing Figs. 10 to 15, the system with 
a diffuser is observed to exhibit much more irregular limit 
cycle behavior than the diffuserless system for 0.65 < B < 1.58. 
It is clear that the difference between both systems is the 
periodic forcing effect of the diffuser. The diffuser wash- 
out frequency apparently "fights" with the natural system fre- 
quency, causing the irregular variations in the frequency and 
amplitude of iti and P, which is illustrated by the more irregular 
limit cycle paths shown in Fig. 15. 
Tables 1 and 2  compare mass flow rate and plenum pressure 
fluctuation amplitudes for the compressor-driven system with 
and without a diffuser. With a value of B - 0.5 and the same 
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operating point,   the relative flow rate  fluctuation amplitude 
(AmT      /itiT-   )   for  the compressor  system with a  diffuser  is   18 1 11KJ A XIII 
percent, as opposed to a nil value for the compressor system 
without a diffuser. The corresponding pressure fluctuation 
amplitude (AP.nx/AP. ) 1S 16 percent, again compared to a nil 
value for a diffuserless system.  If the value of B is increased 
to 1.58, ^Tmav/^Tin f°r tne system with a diffuser is 167 per- 
cent, as opposed to 162 percent for a diffuserless system. The 
corresponding APm-,x/Pjn is 48 percent, compared to 46 percent 
for a diffuserless system. The differences in the fluctuation 
amplitude according with increasing of B can  be explained as 
follows. 
For low values of B the system is stable to large distur- 
bances, with any system variations due entirely to the diffuser 
forcing by the variation in effective diffuser area ratio (AA). 
At a high value of B, the small difference in unsteady 
behavior between systems is due to a weak influence of the 
diffuser forcing, which has a minimal effect on an already sub- 
stantial limit cycle instability.  Thus, at higher B values, 
the effect of the diffuser forcing is essentially act to an 
initial disturbance, but with little overall effect otherwise. 
Note that in general, the effect of the diffuser is felt most 
strongly at values of B for slightly greater than the critical 
value. 
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The parameters G and H were studied to delineate their 
effect on system response.  The response curves for two differ- 
ent values of G and II for a constant value of parameter B are 
compared in Fig. 16.  As can be seen, the effect of parameter 
G on the compressor system without a diffuser is negligible, as 
Greitzer showed.  In addition, the behavior of the response for 
a compressor system with a diffuser is essentially unchanged 
with a H variation of 10:1, as was expected. Therefore, the 
value of G or H selected for our solutions has no apparent 
effect on system response. 
B.3 Blower-Driven System (With and Without Diffuser _)_ 
Fig. 17 (a,b) shows the behavior of a blower-driven com- 
pression system without an exhaust diffuser for five different 
values of B.  The initial operating point for these cases was 
set at m. - :- irip. = 0.41, which is slightly left of peak per- 
formance (see Fig. 19a) and in the positive slope region of the 
performance curve. As can be seen in Figs. 17a and 17b, 
unsteady behavior for the blower system just begins for B = 1.1, 
however, it is quickly damped out. As B increases to 1.3, the 
mass flow and plenum pressure exhibit further damped unsteady 
behavior, with a longer damping period. However, as B increases 
beyond 1.3 the initial oscillations become unstable, amplify, 
and grow until a limit cycle of large excursion is reached. 
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rrom those results,   it  is obvious  that  the  parameter B again 
has  a  dominant effect on  the dynamic  response  of the blower 
system,  just as   it did for the compressor-driven  system. 
Fig.   18  (a,b)  shows  the dynamic response behavior of the 
blower system with a diffuser.     The same diffuser geometries 
and characteristics as used for the compressor system are 
employed for the blower  system.     However,   the wash-out frequency 
for the diffuser, w,   is  changed due to the different geometries 
and flow characteristics of the blower system (see Appendix B). 
The value of w is 0.4218 sec.     ,  yielding a mean  time-scale T 
is 2.371  sec.   at a mean diffuser inlet velocity V =  78.03 m/s 
(ifir  ~ 0.82).    As  shown  in Fig.   19b,  the  initial  operating points 
are kept at the same values as  for the diffuserless  system, 
Ue
->  *Iin = ^Ein = 0'41' and ^in =  1-35?77- 
As can be seen in Fig. 18 (a,b), the blower system with a 
diffuser exhibits a small oscillatory behavior even at B = 0.5 
and 1.1. This is essentially the response of the blower syste 
to the periodic forcing function imposed by the diffuser.  If 
B is increased beyond 1.3, the system with a diffuser shows a 
regularly modulated oscillatory behavior which is a result of 
the strong interaction between the forcing frequency imposed 
by the diffuser and the natural frequency of the compression 
system itself. As the value of B is increased beyond 1.3, the 
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unsteady,   limit cycle behavior grows  to  largo  amplitude quite 
rapidly;   the  larger   the  value  of R,   the more  rapidly  the  limit 
cycle develops. 
Fig.   19  shows  selected  blower system limit cycles  plotted 
on   the blower performance curves.     Three values of B =  1.3 to 
1.5 are compared   for the  system both with and without  a diffuser. 
For 1.3 < B < 1.5  the system with a diffuser exhibits  both  larger 
variations and more  irregular limit-cycle paths  than  the diffuser- 
less  system.     It is  felt that the differences  between  these two 
systems are  due basically to  the forcing effect of the diffuser 
in  the range observed. 
Tables 3 and 4 compare mass flow rate and plenum pressure 
fluctuation amplitudes for blower-driven systems both with and 
without a diffuser. For B > 1.4 (the unstable region), if the 
value of B at the same operating point is increased, the rela- 
tive  flow rate fluctuation amplitude  (AIL      /rfiT.   )  and relative J ma x i I n 
pressure fluctuation amplitude (AP  /PT- ) for the blower system 
11 id A   i 111 
with a diffuser are 50 to 100 percent larger than for the com- 
parable blower system without a diffuser. This difference in 
relative fluctuation amplitude varies, appearing to decrease 
with increasing B.  Note that if the value of B is increased 
beyond the stability value (B = 1.4), the system with a diffuser 
exhibits a more substantial change in the relative flow rate 
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fluctuation amplitude vs. the no diffuser case than was observed 
for the compressor-driven systems.  This difference between 
blower and compressor system is due to the difference in shape 
of the performance curves. As shown in Figures la and lb, the 
performance curve for the blower system exhibits a smooth decrease 
in shape to the left of the initial surge point (i.e., peak point), 
whereas the performance curve for the compressor system decreases 
sharply to the left of the initial surge point. Details on the 
effect of the performance curve shape on system stability have 
been studied by Emmons (32) and Dussourd et. al. (33).  They 
found that the steepness of the performance curve depended upon 
the resistance of the system and could be modified by increase 
throttling. Also, they suggested that the amplitude and fre- 
quency of system instability would be strongly dependent on 
the shape of the performance curve. 
The effect of the parameters G and H were again examined 
by comparing two different values of G and H for a constant 
value of B, as shown in Fig. 20. As can be seen, the effect 
of parameter G and H on the blower system is negligible, as 
was found for the compressor-driven system. Therefore, the 
values of G and H appear without apparent effect in the pre- 
diction of compression system response. 
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C.  LTfect of Diffuser Area Ratio 
To examine the effect of diffuser area ratio (AR), six dif- 
ferent effective area ratio diffusers were investigated between 
AR - 1.05 and 7.0,  with N/W, = 6.  The emplical unsteadiness 
characteristics used for the diffuser geometries examined (i.e. 
the variation in effective diffuser area ratio (AA) and diffuser 
wash-out frequency (w)) are  listed in Table 5. Details of the 
procedure for determining AA and w are shown in Appendix B.  As 
can be seen in Table 5, fluctuating pressure recovery coefficient 
(AC„) and AA generally increase as ARg is increased.  Also, 
since the value of mean time-scale (T) increases with increases 
in 2o, as shown by equation (3?), T increases and w decreases 
with increases in ARe. 
In order to keep iiu . constant for all area ratio the value 
of the loss coefficient («) for the throttle valve was varied to 
compensate for the effect of changes in Cpe with changes in ARe. 
Thus, in order to achieve the same operating point, a diffuser 
of a higher ARe required a larger value of a than a diffuser 
with a low ARe. 
Tables 6 and 7 present the relative flow rate fluctuation 
amplitude (AmT  /mT- ) and the relative pressure fluctuation 111 Id A   1 111 
amplitude (AP  /P- ) for the compressor and blower system with 
11 kl A   III 
ARe 
:
- 1.05 to 2.0 and B values giving marginal system stability 
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(0.65 for the compressor system, and 1.4 for the blower system). 
As can be seen, values of AmT  /mT-  and P,„,v/Pn-n increase with 1 llld X       X III [lid X        III 
increasing ARe up to ARe = 1.85.  However, as ARe is increased 
beyond 1.85, the fluctuation amplitudes remain essentially con- 
stant. 
Figs. 21 and 22 provide a comparison of the responses of 
the transient compression system for the range in ARe examined 
for both the compressor system and blower system. Troiii these 
comparisons it appears that a system with a high area ratio 
diffuser is likely to behave a bit more unstably than one with 
a low area ratio diffuser. Tables 6 and 7 indicate that both 
compressor and blower systems with a diffuser of AR = 2.0 pro- 
duce fluctuations (in AmTl„, /mT. and AP , /P- ) that are 20 to imax iin     ma x  in 
30 percent greater than for a diffuser of AR = 1.05. The 
source of these differences would appear to be the magnitude 
of AA, which is much larger at higher AR   As AA increases, so 
does AmT  /mT■ , as a result of the forcing of the wash-out 
behavior combining with the natural system instability. Thus, 
although unsteady system behavior increases with AR , it is 
probably more a reflection of the increased forcing by the 
diffuser than an increase in system instability. 
D.  Change of Operating Point 
The variations in the response of the compressor and 
blower systems to change in initial steady-state operating point 
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wore examined.  The system operating point was varied by changing 
the effective value of the throttle valve loss coefficient («), 
which in turn reduced the initial values of rru, mv and P.  figs. 
23 and 24 show the locations of the operating points examined 
superposed on the respective steady-state performance curves of 
the compressor and blower. 
figs. 25 (a,b) and 26 (a,b) show respectively the transient 
behavior for the compressor and blower systems with and without 
an ARe = 1.85 diffuser due to the changes in operating point. 
The value of B for each case is that which gives marginal stabil- 
ity for the no diffuser cases. As can be seen in figs. 25a and 
26a, for the systems without a diffuser, no unstable behavior 
occurs for operating points on the negative slope of the perfor- 
mance curve. Only when the operating point shifts to the positive 
slope region of the performance curve, does the system without 
a diffuser exhibit unsteady behavior. However, the substantially 
different steady state performance curves for the compressor 
and blower systems exhibit unsteady behavior at different points 
of operation relative to peak performance. The compressor 
system begins to display unsteady behavior at the peak (ITU - 0.48) 
uf the performance curve, whereas, the blower system does not 
display unsteady characteristics until somewhat past the peak 
(lily = 0.4862) of the performance curve,  for the blower system, 
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small amplitude disturbances arc  damped quickly to a stable 
value until mf is reduced to a value of 0.41.  Tor itu < 0.41, 
any initial disturbance is amplified, and produces a large 
amplitude limit-cycle type oscillation.  It is believed that 
the difference in the onset of unsteady behavior for the two 
systems is due to the difference in the performance curves, 
in particular, the slope of the curve near peak performance. 
This will be discussed in more detail in Chapter V. 
The system with a diffuser behaves in a manner similar to 
the diffuserless system, as shown in figs. ?5b and 26b. When 
the compression system operates on the negative slope of the 
performance curve, the behavior is essentially stable, with 
the only time-dependent behavior being that due to the periodic 
forcing by the unsteady diffuser, although the compressor 
system with a diffuser displays the presence of a damped insta- 
bility just prior to peak performance, i.e., rfu = 0.51. How- 
ever, when the initial operating point is shifted to the posi- 
tive slope of the performance curve, the two systems with a 
diffuser exhibits unstable behavior similar to the systems that 
experienced for operating without a diffuser at the same initial 
conditions (ITU = 0.48 for compressor system, ITU = 0.41 for blow- 
er system). Each system with a diffuser exhibits more unstable 
behavior than the system without a diffuser but again this is 
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a result of the combination of diffuser forcing and natural 
system instability. 
Figs. 27 and 28 compare the transient response of the com- 
pressor system both with and without a diffuser for initial 
conditions in both the stable range (ITU = 0.51) and in the 
unstable range (nij = 0.42) and with B = 0.65. Note how the 
magnitude of the unsteadiness increases with both operating 
point, and the presence of an unsteady diffuser in the system. 
Tables 8 to 11 compare the unsteady behavior of the no diffuser 
and diffuser systems for five different compressor and blower 
operating points. As can be seen, the flow rate fluctuations 
for the compressor system without a diffuser grow from 0 to 65 
percent as the operating point increases from rrw = 0.51 to 0.42. 
For the compressor system with a diffuser, the corresponding 
increase is from 13 to 84 percent in flow rate fluctuations. 
This represents a 25-30 percent increase in unsteadiness after 
peak performance due to the presence of a diffuser.  The cor- 
responding comparison for a blower system, in Table 10, shows 
that the presence of a diffuser yields a 45 percent increase in 
flow rate fluctuation for the initially unstable operating point. 
Generally it appears that the presence of a diffuser greatly 
affects the flow unsteadiness level when the operating point 
reaches the point of system instability. This effect is observed 
to be more substantial than the added effect of diffuser forcing 
alone. 
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E.  Influence of Effective Inlet length 
The effect of the inlet length (L,) on a compression sys- 
tem was examined for the blower system by examining three dif- 
ferent effective inlet lengths (L'j), i.e., l! ~  l.j, 10L, and 
IOOLT. Here I., expresses the original inlet length and Li is the 
inlet length examined.  Blower systems both with and without 
diffusers are examined. Fig. 29 shows the results of these 
studies at two different blower operating points (ITU - 0.4862 
and 0.41) with B at the marginal stability value of 1.4. The 
transient response of the system without a diffuser is shown 
in Fig. 29a and 29b. The system response at peak performance 
(ITIT = 0.4862) remains essentially unchanged when Li is increased 
to 10Lj. However, for a similar increase in Lr from L-,   to 
10I-T a dramatic decrease in unstable behavior is noted for the 
normally unstable operating point of ITU = 0.41.  Thus, Li appears 
to have a dramatic damping effect on system stability for a 
diffuserless system.  This is consistent with the experimental 
results of Greitzer (8), who observed a similar behavior. 
As shown in Figs. 29c to 29e, Li also has a substantial 
effect on the response of the system with a diffuser. At peak 
performance [m* =  0.4862), the response of the system with a 
diffuser (Fig. 29d) appears to undergo a slight change in wave 
form, but not much difference in amplitude for a change from 
-59- 
Lj ^ Lj to 1.1 : 101. j.  I'ho change appears to he basically a 
fluid inertia effect. However, for the unstable (mf = 0.41) 
operating point and Lj ■--■   lOLj, the amplitude of the oscillations 
in mj again grows dramatically, as occurs for l.j = I. (Fig. 29c), 
but the frequency of the oscillations is substantially reduced. 
This is apparently because the natural frequency of system (which 
is a function of Lj via the Helmholtz frequency) is now closer 
to the diffuser time-scale which appears to "drive" the system 
at the diffuser frequency.  Further, as I ' varies from lOLj to 
100 Lj, for the same operating point, the system response is 
again strongly modified, with a substantial damping of the sys- 
tem oscillation occurring.  Thus, the increase in inlet length 
has substantially improved system stability:  reducing the fre- 
quency of the unsteadiness to that of the diffuser, and reducing 
the amplitude as a result of increased inertia effects.  Fig. 
30 compares the transient response of the blower system both 
with and without a diffuser as I ' is varied from I,j to IOOLT 
with nfij - 0.41 and B = 1.4.  The system without a diffuser 
attains a stable condition at Lj = lOLj, whereas, the system 
steadiness with a diffuser does not reach a stable condition 
until Lj •= 1001 
Table 12 and 13 present numerical data which show that 
for the system without a diffuser, increasing l.j from IT to 
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1001. i   results   in  a  decrease   in AmT       /mT .     from  b7   to  2  por- 1 I max     I in ' 
cent and AP,nax/P-j n   from  13  to 0.6  for B  =   "1.4 and a  normally 
unstable  operating  point   (mj   -■  0.41).     Similarly,   the  fluctuations 
for a  system with  a  diffuser decrease  from  102   to  11   percent 
for
    ^Imax^Iin    dnd ??  to °-6  P('rcont  for ^max/^in   (at ™I   = 
0.41,  B  -  1.4 and ARe   -   1.85)  with   the same  100  fold  increase  in 
Lf.     In  contrast,   for  the  system both with  and without  a  diffuser 
at  the  peak  performance   (riij   :  0.4862),   the  fluctuation  levels 
remain  essentially  constant with  changes   in  LI.     Therefore,   it 
appears   the effective  inlet  length  can have a  ^jcry  strong effect 
for operating  points which  otherwise exhibit  very  unsteady 
behavior.     The  result  is   to  force  the  fluctuations  at  the  diffuser 
driving  frequency  and  to  reduce  the amplitude  of oscillation  to 
a  point equivalent  to  the stable operating  point. 
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CIIAPI! R V 
DISCUSSION 
In this chapter, further discussion of the results and a 
(jeneral review of inherent system instability c\rc  presented. 
Also, some design applications arc discussed for optimizing the 
operation of compression systems. 
A.  General Trends in System Unsteadiness 
1.  System Parameters 
It was determined that increasing the value of R, the 
stability parameter, beyond a certain limit, results in the 
development of a system unsteadiness for the system with a dif- 
fuser which is of essentially the same magnitude as for the 
diffuserless system.  It was also found that the diffuser system 
became unstable at essentially the same value of B as for the 
diffuserless system.  As expected, the system with a diffuser 
displays generally more unsteady behavior than the diffuserless 
system, which is observed to be the result of an irregular 
oscillatory interaction which between the natural system sta- 
bility and the periodic forcing behavior imposed by the diffuser. 
Rio degree of irregular behavior is observed to be a function 
of B; being most irregular for values of B just past the system 
sfabi1 i ty 1imit. 
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Roth   the  compressor and  blower  systems  were   found   to  have 
a  critical   value  of B   for which   system  unsteadiness   amplifies. 
The  critical   value  varies  according   to   the  type of  the  system, 
e.g.,   B      0.65   for  the  compressor  system of  this  study  and  B  - 
1.3   for  blower  system.      This  differ-once   in   the  critical   value 
of   B   is  apparently  due   to   the  difference   in   the  performance 
curves,   as  shown   in  Figures   la  and  lb.     However,   the  critical 
value  of B   for  the  systems  with  a  diffusor does   not  seem  to  be 
changed   from  that of   the  identical   diffusorless  system  if  the 
performance curves  of  the  systems  are  the  same.     Therefore, 
the  critical   value of B   for  the  onset of compression  system 
instability does  not appear  to be apprecially affected by  the 
presence of an exhaust  diffuser. 
2.       Diffuser Geometry  Fffects 
To obtain  a  pressure  recovery  (Cp)   in a  diffuser  requires, 
up  to  a  point,  a  higher area  ratio  (AR),   as  shown  by equation 
(?8).     Our present study of diffuser effects  on  compression 
systems  showed  that  both   the compressor and  blower system with 
a diffuser of ARe   -  ?.0  produces   fluctuations   in Ain jtnax/m j -[n 
and AP|liax/P-jn   that <\rc  ?0  to  30 percent greater  than with a 
diffuser with ARe  -■  1.05.     Thus,   it  is  apparent  that compression 
systems  utilizing a  high  area  ratio diffuser  to achieve a  high 
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pressure recovery will sustain generally more unstable flow 
conditions than with a low area ratio, low recovery diffuser. 
If a high area ratio, high recovery diffuser is employed for a 
compression system, the system designers must be aware of the 
possibility of sustaining higher than normal unsteady behavior. 
The exit diffusers examined in the study were all of a length 
ratio (N/W-j) of 6, which was chosen because it yielded the maxi- 
mum expected diffuser unsteadiness. Layne and Smith (18) pointed 
out that for N/W] values shorter or longer than 6, the inlet 
unsteadiness was reduced, which would in turn result in a lower 
forcing behavior than the N/W-j = 6 diffusers. Thus, it would 
be seen that the present results would represent a worst case 
sitaution, and for diffuser greater than or less than N/W-, = 6, 
the effects on the compression systems would be expected to be 
diminished. 
3.  System Operating Point 
Both the compressor and blower systems show that systems 
with and without a diffuser generally exhibit unsteady behavior 
when the operating points shifts to the positive slope region 
of the performance curve. However, for a performance curve with 
a large positive slope to the left of peak performance curve, 
the compressor system with a diffuser demonstrates the 
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beginning of unstable behavior slightly before the peak perfor- 
mance. Thus, an addition of an exit diffuser to a compression 
system could result in a premature onset of unsteady flow prior 
to achieving peak performance. 
These results agree well with Greitzer's (24) experimental 
data. He found that the presence of an exit diffuser can have 
an adverse effect on the point of inception of instability, i.e., 
that the presence of a diffuser will shift the system stall point 
to a higher mass flow rate. 
4.  Effective Inlet Lengths 
When a compression system is operated in an otherwise 
stable operating region, the amplitude and frequency of the tran- 
sient response of the system with a diffuser essentially corre- 
spond to the imposed forcing behavior regardless of the effective 
inlet length (Lj) from the compression device. When the com- 
pression system operates at an unstable region, l.j has a dramatic 
effect on system stability for the system both with and without 
an exhaust diffuser. Tor the diffuserless system, Greitzer's 
(8) experimental data showed the same results. He found that 
in the normally steady flow region the flow characteristics with 
and without the extension length (Lj) were essentially the same, 
but in the unstable flow region Lj had significant effects on 
the system unsteady behavior, i.e., increasing Lj improved sys- 
tem stability. 
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5. Applicability of Theoretical Results 
Without experimental data for a compression system with 
an exit diffuser, it is difficult to determine the applicability 
of our theoretical analysis.  However, by comparison of existing 
experimental data for a diffuserless compressor system with our 
predicted results, a quantitative measure of the validity of 
our prediction technique can be established.  Comparison of 
fig. 10 for our theoretical results with fig. 13 for the corre- 
sponding experimental data indicates the predicted mass flow 
rate fluctuation amplitude to be about 19 percent higher and 
the predicted plenum pressure fluctuation amplitude to be about 
11 percent lower than the corresponding experimental results; 
quite reasonable,considering the experimental uncertainty and 
the simplified predictive model we employed.  Considering the 
same trends to hold, one would expect our results for a com- 
pression system with a diffuser to moderately overprodict the 
mass fluctuations and slightly underpredict fluctuations in 
plenum pressure. 
6. Effect of Diffuser Time Scale (T^) 
As shown in figs. 14a and 14b, values of nondimensional 
diffuser time period (Tp) remain constant as the values of B are 
changed.  This is due to our holding the llelmholtz frequency 
(wc) constant while varying B.  This was done by changing the 
value of the rotor velocity, U, accordingly. 
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A change in U while holding m, = mj/pUA. constant results 
in a corresponding change in ITU, which in turn also would yield 
a variation in wash-out time T. However, the variation in T 
would be only about two-fold, on the order of the uncertainty 
in empirical values. Thus, it was felt that holding T constant 
while changing B and ITK was acceptable. 
B.  Inherent System Instability 
In Chapter IV, it was observed that the onset of unsteady 
behavior for compressor and blower systems occured quite differently. 
Taylor (12), and Cumpsty and Greitzer (34) discussed these differ- 
ences well. They related two different kinds of system instability 
to the characteristic curves of the compression systems. One is 
termed a static instability, which corresponds to the situation 
where the positive slope of the compression system is greater than 
the slope of the throttle curve. The other is a dynamic instabil- 
ity, which in general, occurs at much smaller positive slope, and 
for most practical purposes may be taken to occur at the peak of 
the performance curve. The conditions yielding these two kinds 
of instability are illustrated in Fig. 31. 
Applying our results to these conditions, the unsteadiness 
experienced for our compressor performance curve, as shown in 
Fig. ?3, corresponds to a classic static instability. The 
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blower system, with the performance curve shown in fig. 24, 
satisfies the conditions for dynamic instability.  Our present 
study shows that initial unsteadiness for blower system is small 
and quickly damped to a stable value at the peak of the per- 
formance curve. However, initial disturbances become substan- 
tially amplified further to the left of the operating point is 
to the peak of the performance curve, as shown in Fig. 31. 
Taylor (12), Stenning (16), and Rothe and Runstadler (17) 
systematically investigated dynamic instability, and determined 
that unsteady behavior generally was initiated at the peak of 
the system curves.  By examination of a perturbation analysis 
of their governing equations, Rothe and Runstadler (17) classi- 
fied pump system behavior into four regimes, as shown in Fig. 
32, i.e., exponential divergence, growing oscillations, decay- 
ing oscillations, and overdamped decay.  They found the limit 
cycle oscillations matched well with the dyna mic instabi1ity 
observed in their experimental investigation.  Taylor (12) 
studied the dynamic instability early.  He experimentally found 
that the onset of instability on the system was at or very  near 
the flow for maximum pressure ratio. His investigation well agrees 
with the rule of flumps ty and Grei t/er' s (34) dynamic instability. 
However, he also experimentally found that for low speeds and 
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pressure ratios unsteady behavior was not encountered even on 
the positive slope of his performance curves.  This is very 
similar to the present predicted results for values of parameter 
B less than the critical value.  For example, our diffuserless 
compressor system case did not predict any significant unsteady 
behavior either at the peak or even slightly on the positive 
slope portion of the performance curve for B < 0.65 (the critical 
value).  For the diffuserless blower system, the region of steady 
behavior was found to extend even farther onto the positive 
slope of the performance curve; for values of B less than the 
critical value.  Also, the present study shows that their 
respective compressor and blower systems with a diffuser operating 
below their respective critical B values do not display any 
natural system instability characteristics near the peak on 
the performance curve, even though these systems are  subject 
to substantial periodic fluctuations imposed by unsteady diffuser 
behavior. 
Therefore, it is felt that the two instability criteria 
(static and dynamic) for the onset of unsteady compresssion 
system hold only if (.he values of B are above the critical B 
value for the compression system in question. 
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C.  Application to Optimum Operation of Compression Systems 
Generally designers of compression systems wish to obtain 
botli a high pressure rise and steady state operating point.  By 
adding a diffuser at the exhaust part of the system, a compression 
system can generally achieve a larger mass flow rate and higher 
pressure rise. However, the diffuser adds a new degree of 
complexity due to its own inherent instability.  In our present 
study, the compression systems (compressor and blower) with a 
diffuser demonstrate more unsteadiness and irregular limit 
cycle behaviors than the diffuserlesss system at every operating 
points and every values of parameter B.  further, the present 
study indicates that compression systems employing a high pressure 
recovery diffuser will generally be subject to more instability 
than one employing low recovery diffuser.  This presents a prob- 
lem for the designer.  He must consider whether he will design 
for high pressure recovery and tolerate reduced system flow 
stability or sacrifice a higher pressure recovery and flow rate 
for a steady flow.  In general, if flow steadiness is more impor- 
tant than pressure recovery, then the designer should employ a 
diffuser which lies below peak recovery (one of maximum effec- 
tiveness is suggested) and should attempt to keep the value of 
B as low as possible.  To obtain a low value of B, either the 
rotor velocity (U) or plenum volume (Vp) must diminish, however, 
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one should noli; that reducing U will also reduce the mass flow 
rate, which may be undesirable. 
In addition, in order to decrease the potential for unstable 
behavior, our study would suggest that the effective inlet length 
(I.j) should be designed to be as long as possible.  However, 
the value of LT will probably be constrained by practical geo- 
metric restrictions. 
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CIIAPTIR  VI 
SUMMARY AND  C.ONCI IISION 
A  theoretical   inves t iga t i on  of unsteady boha v i or  in  com- 
pressor and  blower systems  both with  and without  diffusers  has 
boon  conducted.     The major  results of the  study are: 
1) As  expected,   limit-cycle  behavior and  the  amplitude 
of tho  fluctuation  (iiu,  iv and P)  on tho compression 
system   increase with  increasing  values  of B ^ 
(U/?a)   (Vp/AjLj)1-5,   if  the value of B is   larger than 
the critical   value  for onset  of  unsteady  behavior, 
for  values   less   than  tho critical   value,   system 
unsteadiness   is  negligible and  normally damps out 
quickly. 
2) The critical  value of B for  the  compressor system 
examined   is  about  0.65,  and   the  critical   value  for 
the  blower  system  is  about  1.3.     These  critical 
values  depend marginally on  the  presence  of a  diffuser, 
but are primarily dependent on  the characteristic 
performance curve of  the compression  system. 
3) Changes   in  value of non-dimensional   parameters  G = 
(A/I )j/(A/l.)T and  H -=   (A/L)I/(A/L)T)0ff have negligible 
effect  on  the  unsteady  behavior  of  the  compression 
system,   as  expected. 
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4) The system with a diffuser displays moderately more 
unsteady behavior than the diffuserless system as a 
result of an   irregular oscillatory behavior resulting 
from an interaction between the periodic forcing 
imposed by the diffuser and the natural system insta- 
bility characteristics. The degree of irregular 
behavior is a function of the value of B; generally 
being worst for B values just greater than the 
critical value. 
5) In general, the higher the pressure recovery of a 
diffuser (and thus the more unstable), the more 
unsteady behavior can be expected (up to a 30 per- 
cent increase). 
6) The fluctuation amplitude of the mass flow rate and 
plenum pressure rise for both compressor and blower 
systems is increased as the operating point is 
decreased below critical mass flow rate for which 
unsteady flow is encountered. At all operating points 
exhibiting some degree of unsteadiness, the degree of 
unsteadiness is always increased by the presence of 
a diffuser. 
7) The onset of unsteady behavior for both the compressor 
and blower systems does not depend significantly on the 
presence of an exhaust diffuser. 
-73- 
It appears tlio effective inlet length (l.) ran have a 
MQry  strong effect on unsteady behavior for operating 
points which otherwise exhibit very unsteady behavior. 
Generally, increasing L, will improve system stability: 
reducing the frequency and amplitude of the unsteadi- 
ness, apparently as a result of increased fluid inertia 
effects. 
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Fable   1.     Compressor-  system:      "•nlT 1nax//''nI in  ,1S 
fiiiicLion  of  parameter  B  at   peak 
performance. 
B 
Without 
di ffuser 
With 
di ffuser 
0.! 
0.18 
0.65 
0.40 
0.b3 
0.84 
1.14 
1.26 
1 .0 
1.26 
1.52 
1.29 
1.54 
1.60 
1 .40 
1.57 
1.64 
1 .58 
1.62 
1 .6/ 
Note:  D - damped response.  Diffuser; AR0 - 1.85. 
Peak performance:  rfijjn ■- 0.48, P]n    -   1.2/0. 
Fable 2. Compressor system: '^max/^in as 
function of parameter B at peak 
performance. 
Wi thout 
di ffuser 
With 
di ffuser 
0.5 
0.16 
0.65 
0.29 
0.37 
0.84 
0.5/ 
0.59 
1.0 
0.61 
0.62 
1 .29 
0.48 
0.61 
1.40 
0.4/ 
0.49 
1.58 
0.46 
0.48 
Note:  Same conditions as Fa bio 1. 
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Table 3.     Blower system:    Amjmax/mi-jn as  function 
of parameter B at peak performance and 
rfij  = 0.41 
mj        ^ 
B 
0.5 1.1 1.3 1.4 1.5 1.7 
Without 
Diffuser 
0.4862 D D D D D D 
0.41 D D 0.02 0.57 0.73 0.88 
With 
Diffuser 
0.4862 0.09 0.09 0.09 0.09 0.10 0.10 
0.41 0.06 0.07 0.08 1.02 1.16 1.33 
Note:     D -  damped response.     Diffuser:    ARe =  1.85. 
Table 4.     Blower system:     APm,„/P,-_  as  function  of max  in - 
parameter B at peak performance and mT = 
0.41. l 
mI ^^^ 
B 
0.5 1.1 1.3 1.4 1.5 1.7 
Without 
Diffuser 
0.4862 D D D D D D 
0.41 D D 0.003 0.13 0.15 0.17 
With 
Diffuser 
0.4862 
0.41 
0.002 
0.003 
0.002 0.002 0.002 0.002 0.002 
0.003 0.003 0.22 0.24 0.25 
Note:    D  - damped response.     Diffuser:    ARg =  1.85. 
Pin=1.3320 for mJi  =0.4862,and p\n = 1.3277 for mIin=0.41. 
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T.ible 5. [ho characteristics of diffuser 
uiis toadi ness vs. effective area 
ratio,   ARn 
AR, 
1.05 
1.35 
1.50 
1.75 
1.85 
2.00 
2o 
11.90 
14.72 
16.13 
18.46 
19.39 
20.78 
-pe 
0.093 
0.451 
0.556 
0.6/3 
0.708 
0.750 
ACr 
0.01! 
0.042 
0.062 
0.066 
AA 
0.0138 
0.0544 
0.0847 
0.150 
0.069 0.181 
0.068 0.212 
T  (sec.) 
Com- 
pressor 
3.467 
4.272 
4.670 
5.323 
5.581 
5.964 
Blower 
1.473 
1.815 
1.984 
2.261 
2.371 
2.534 
Note:     Diffuser;   N/W]   -  6  and b/W-j   -  4.     AA -  AARG/ARe. 
*Fxper imentally determined  from l.ayno  and Smith 
(18),  and  Smith and  Iayne   (22). 
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fable 6.     Compressor system:     effect of diffuser 
AR    on  unsteady  behavior 
e J 
AR 
Knax^Iin 
AP      /P. 
max'   in 
AA 
1.05 
0.41 
0.30 
0.014 
1.35 
0.44 
0.32 
0.054 
1.50 
0.4[ 
0.33 
0.085 
1./5 
0.50 
0.36 
0.150 
1.85 
0.53 
0.37 
0.181 
2.0 
0.52 
0.37 
0.212 
Note:     B   -■  0.65,   mn      -  0.48,   Pjn   ■■   1.270.     Diffuser: 
N/W-i    ■■   6  and  b/W,   -   4.      Trom  Table   5. 
Table 7.     Blower system:     effect  of  diffuser 
AR    on  unsteady behavior 
e 
AR 
ArflImax/rflIin 
AP      /P. 
max    in 
AA' 
1.05 
0.11 
0. 
0.014 
1.35 
0.82 
0.19 
0.054 
1.50 
0.88 
0.20 
0.085 
1.75 
0.98 
0.21 
0.150 
1.85 
1.02 
0.22 
0.181 
2.00 
1.02 
0.22 
0.212 
Note:     B  -   1.4,  mnn  -  0.41,  Pin  =   1.3277.     Diffuser: 
N/W-|   -  6 and b/W]   -  4.     *from Table  5. 
-/8- 
lable 8.     Compressor  system:     Am.       /m, •     as   function 
1 111 c.1 A 1   ill 
of operating  point 
Wi thout 
[)i ffuser 
With 
Ui ffuser 
0.54 
0.11 
0.51 
0.13 
0.48 
0.40 
0.53 
0.45 
0.48 
0.71 
0.42 
0.65 
0.84 
Note:     D -  damped   response,   B   ^  0.65.   Uiffuser:     ARe  =   1.85, 
AA -  0.181.     Peak  performance;  mT .     --  0.48,   P.     -  1.270. 
' I in 'in 
fable 9.     Compressor system:     AP    „/P-    as   function 
ma x     in 
\ 
Without 
Di ffuser 
With 
Diffuser 
of operating point. 
0.54 
0.02 
0.51 
0.04 
0.48 
0.32 
0.37 
0.45 
0.39 
0.50 
0.42 
0.50 
0.58 
^ote:     Same  conditions   as   fable 8. 
/9 
Table  10.     Blower  system:     AmT       /iru •     as 
function  of operating  point. 
I 
Without 
[Jiff user 
With 
Di ffuser 
0.53 
0.10 
0.4862 
0.09 
0.45 
0.08 
0.43 
0.08 
0.4" 
0.57 
1.02 
Note:     D  -  damped response,   B =   1.4.     Diffuser:    ARe   ;   1.85, 
AA - 0.181.     Peak  performance:  ilu .     --■  0.4862, 
Pin  -  1.3320. 
Table  11 
'I 
Without 
diffuser 
With 
diffuser 
Blower  system:     AP      IV-     as J max    in 
function  of operating  point. 
0.53 
0.007 
0.4862 
0.002 
0.45 
0.002 
0.43 
0.004 
0.41 
0.13 
0.22 
Mote:     Same conditions  as   Table   10. 
80 - 
fable  1?.     Blower  system:     effect  of effective   inlet 
lenqth  (l.T')   on  AmT       /m, . 
-' I Iinax     I in 
Wi thout 
Diffuser 
With 
Diffuser 
0.486 
0.410 
0.486 
0.410 
I       'I 
0.b7 
0.09 
1.02 
101. 
0.06 
0.11 
0.85 
1001., 
0.02 
0.11 
0.11 
Notp;     D -  damped  response,  B   =   1.4.     Diffuser:  AR    = 
1.85,   AA  =  0.181.     Above  values  do  not   include 
friction   losses  of Lp 
Table  13.     Blower  system:     effect of effective  inlet 
length  (LT')  on  AP      /P. J
 1 max    in 
,*! 
Without 
Diffuser 
With 
Diffuser 
0.486 
0.410 
0.486 
0.410 
I = LI 
D 
0.130 
0.002 
0.221 
101. 
0.013 
0.011 
0.019 
100L, 
0.0O6 
0.015 
0.006 
Note:     D - damped response,  B -   1.4.     Diffuser:    ARe =  1.85, 
AA^0.181.     Pin=l.3320  for miin=0.486, and Pin=1.3277 
for mjin"0.410.  Above values do not  include  friction 
losses  of  Lj. 
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tig.   4.     Typical   t.wo-dimonsiorial ,  straight-wall 
di ffuser. 
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Fig.   6.     Compression  system model  with  a  diffuser examined 
in  present study. 
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of  Lho  (.omprossor system without a  diffuser,   from 
Oreit/er   (8).     mnn    -  0.48,   Pin   =   1.2/0. 
')?.- 
o.i±b nf^ y 
//" -% v. 
D iffuser time period» i$- 581 s(lS' 
IV 
vmt 
-I 
i 
0. 
mfm 
I'lif V '! 
II. 
IT 
w i >/< 
If ■ 
n!/   \ h   i 
I     >, 
/ ll 
\ 
I'/ih 
B .- 0.5 
B  : 0.65 
B - 1. 0 
B ^1.58 
1 
6. 12, 18. 24. 
m j   and m,    vs .   L iino 
ig.   14a.     Transient compressor system behavior without a diffuser 
of naramefor R.     m, •   -mr-    ^0.48,   P^O.^70.   Diffuser: 
AR(1=1.85. 
■93- 
B - 0.5 
Diffuser time period:  5-531 sec, 
B : 0.65 
J .*. 
0.20 Vln 
B : 1. 0 
M' v v y 1! 11 
B" 1.58 
0. 12, 18. 24. 
P vs. Lime 
Hy. 14b. Transient compressor system behavior with a diffuser 
as function of parameter B. Same conditions as Fig. 
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ig.   15.     Transient  response  (performance  curve)  of compressor 
system with  a  diffuser as   function  of parameter B. 
mIin  -  0.48,  Pin  =   1.270,  ARe  --  1.85. 
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as   function  of parameter B.     mj\n mpj n 0.41 ,  Pin=l.3277. 
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Fig.   23.     Flow regime  locations  on  a  steady-state  compressor 
performance curve. 
a:   mj  =  0.51 ,   b:  rfij   -  0.48  (peak) 
c:  mj   --  0.45,   d:  rfi j   =  0.42. 
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Fig.   24.     Flow  regime  locations on  a  steady-state  blower 
performance curve. 
a:  rfij  = 0.53,  b:  mj  - 0.4862  (peak) 
c:  rhj   -  0.45,  d:  ifij  = 0.43,  e:  rfi j   =  0.41. 
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Fig. 25b. Transient compressor system behavior with a diffuser 
as function of operating point.  B = 0.65, ARe = 1.85. 
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APPENDIX A 
GOVERNING EQUATIONS, 
The fundamental conservation laws of mass, momentum and 
energy are  applied to each component in the system model.  Non- 
dimensional system governing equations with a diffuser are pre- 
sented, and equations for a system without a diffuser are  also 
deri ved. 
A.  Fundamental Governing Equations 
1.  The Momentum Equation for Erictionless Flow 
At both sides of inlet control volume shown in Fig. 2, 
the control volume is assumed as one dimensional system.  That 
is, by Euler's equation 
y 
p'g - vP   = P  DV   ,    Pg  -  -  Pgk -  -  pgvz 
Dt 
DV 
.:  -pgvz  - vP  = P   Dt 
Also, 
■>- DV 
-pgvz-ds  -vPds  - P   DV ds~  = p       s  ds 
Dt Dt 
3V OV 
-    PVC       s  ds  + P ds s
   as 3t 
So, the terms become 
120- 
3VS 
-pgdz - dP - PV. dVc + p -  ds b
   
b
     91 
and, 
(A) model 
-,   ds 
actual    - 
-'ducting A^s) 
Assume V-| = V£, dz = 0, and the pressure rise across the actuator 
(blower or compressor) is C. Therefore, the above equations 
become . 
dV 
-dP + C PL! 
dt 
Assume the flow is  incompressible. 
m-r   '    pAjV,    pAj   ■=  constant 
Therefore, 
P + C 
I     dm. 
Aj"   dt" [A!) 
2.  The Continuity Equation for the Plenum 
By the conservation of mass in a rectangular coordinate 
system, 
Net rate of mass efflux 
through the control sur- 
face 
V dA 3 
at 
dV - 
Rate of change of mass 
inside the control vol- 
ume 
V dA + 3-<f->- = 0 
o t 
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So, 
Net rate of mass efflux  through the control   volume is, 
PV  dA  =   (3£ii +  5-pv + .3P-W-)   dx-dydz 3X        3y        3Z J 
Pate of change of mass  inside the control   volume is, 
?L(p-V)=£dx.dy.dz 
Therefore, above equations become 
3pJi + 3PV. + 3PW + 9_P_ 
9x By 3~z~~      3t 
That is, 
vpv + 3t = 0 
Assume the system is one dimensional , 
"* ♦ *>- - 0 
3X    3t 
Approximately, 
PUTpu,  dp 
Ax    dt 
In another expression, 
Ajp_urAi,ui + dpp. = 
and 
A  -Ax 
P 
Ap-Ax = Vp 
dt 
122- 
Therefore, 
£<vV—d? 
pu Aj   - m-p  pUjAj   = m 
.-.  m !  - mT = V 
dp j- 
P dt (A2) 
3.      The First law Applied  to the Plenum 
*-* 
=
 d-t- •  System =  L      ,    e^dV 
•'Vsystem 
So, 
o       o 
/      3 
-/ = 3"T JJJ   epdV  + jj(h +  \- + g-z)PV  dA V 
Assume 
|(V    + gz)PM -- 0 
And  heat transfer and work  done  are  zero. 
^   "   
W
   
=
   3?t  JI|GpdV   "   IJ(h)pV'   ^ 
cv cs 
From the equation of control   volume, 
(h)pVdA ■= m-f Cp Toy  - mj  C    Toj 
cs 
3 
at GPdV  =  Vp  d-f (p    Cv Tp) 
cv 
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■•• ™1  CP ToT " '"I CP ToI + VP dt (PP Cv TP) = ° 
Also, above equation can be expressed as, 
v
 
r
 p p 
-< + »>i- (>) = ^ -1 -l dPp- 
"T       VP dt  K,~>   ~  '"T  RTp Y   dt 
VpPpdPp 
mT +   y   p     dt~ 
P 
where 
Cp/Cv - Y   .  ToT =  Tp an d  RT 
p
      P 
Therefore, 
•     .   
PPVP dPP 
= "■7. -XTP dt 
Tol/Tp 
■     + ppVP   dPP 
= 
mT..x7rP.dt". 
1   +  (Toi  -  Tp)/Tp 
PnVn dPr 
"T + T
      Y PP   dt 
•     ,   
Kp-p - p    . 'ol     p - 
m +   --_—   ~     since - - 
ToI-Tr 
Tr 
The above equations are derived  under the assumption of an 
isentropic process. 
That is, 
P.,PP 
P   ""   Pn 
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Therefore, 
•   
pVpdPP ,  , 
mT * YP
P
 dt
P (A3) 
B.  Fquations for Unsteady Diffusers 
1.  Bernoulli Equation of Unsteady Flow 
From a two-dimensional diffuser of Fig. 4, we can assume 
it as a one-dimensional type because the distance between 
parallel walls of the diffuser b is constant. Thus, we con- 
sider an inviscid, one-dimensional transitory stall flow model 
as follows. 
Let, 
A-| - bW1 , A2 = bW2 
A   V] A 
V9 - V, -- = -n- since AR - c 2
   
]
 A.  AR A-, 
2 
Also, the unsteady diffuser area ratio AR is expressed as the 
function of a time t. 
AR = ARQ (1 i- AA-sin (w-t)) since AA = AAR/ARQ 
81AR) = ARn • A A • w • cos (wt) 
where AR0 means the initial diffuser area ratio, and AAR is a 
fluctuating diffuser area ratio. 
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By Bermoulli   equation of unsteady  flow 
Pl      V]2 P2     v22 
-- + + gz,  =     - +    £-- + gz    + P 2 I        p 2 2 at ds 
1 
1 V 
P2   -   P1    =   AP   =   P(   2"     -      2 
2 2 
3t 
ds) 
,2 3V 
3t 
'-S   ds 
, a(AR) v 
(1.8.V-       ai:   )ds 
lAR at AR?     j 
3V 
at 
ds  _ AA-wcos(wt) -V  ["  ds 
AR
       (HAA-sin(wt)V ^   AR 
And, 
AR(s)   =AM= ^.(Ai   +s   (A?  _  A])) 
=  1   + \ (AR0  -   1) since A = A]   +  \ (A2  -  A]) 
Therefore, 
2
  ds _   f " ds 
AR I. , ♦ 1
   
+
  Kf(ARn-l) 'ARr 
-,)ln(l   + ARQ  -  1) 
N  v"'No" 
Now, 
2  "  rl 
V2 1 3V 
ii ds AR 
AA-w-cos(w-t)-V 
(l+AA-sin(w-t)) 
ds 
A~R 
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p(v-2 (1 2 
1   .   f   ,AA-w-cos(w-t)-V       3Vi 
AR' ltAA-sin(wt) 3t 
ARQ-1 
Hn(AR0)) (A4) 
?.       Fquations  of  the System Model   with  a  Uiffuser 
Above equations were applied   for an equivalent  system 
model  with a diffuser,  as  shown  in  Fig.   6. 
a)     At  3  -  4 
dV/, PV42 
dt 2   " 
(P3  * h P3V3?)   -   (P4  + >, p,(V,(?)   t- PLT 
■••   P?   -   PA   -■   (1   * '0 PV 
dV, 
s inee V^   -  0 3   -  r4       .-        -      2 •    ,    (Jt 
b)     P3  -  P5   '  P3  "  Patm - AP  ^   <P3  '  P4)   <   <P4  "  P5> 
where  P/i-Pc   is  the  pressure  difference  across   the  diffuser. 
,2> 
dV. V.2 
P  -  (0+«)      ?      1- PFT      4)   -  P(  ■, - (1   -  AR^) £ <    dt- 2 
PV,? 
t 
+ AA-w.cos(wt)   v    _  3V4)   .   (     N     )ln(ARj) 
l+AA-sin(w-t) 3t AR0-1 
= («v;2)ms - (AA"w-cos-(w"-t))(ARN1)-in(ARo)1 AR^  2PA/ MAA-sin(wt)     ARo-] ,4T 
i ., dm,- 
►  .'- (LT  M     N     )ln(ARQ))       E- 
AT       ' AR0-1 °       dt 
°'A      E 
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where 
Let, 
mr = pAx V, 
So, 
•   2 
c       /     ,     1   x    mE ,AA-w-cos(w.t)> E =  (a + TTO) 5" - ( )• 
AR
^    2PA-P11 l+AA-sin(wt) 
1 .. dlllr 
AP = E - -L (LT +  (_JL_)in(ARj) —^ (A7) AT      T        AR0-1 °       dt 
From equation (A7) 
dmE     AT(AP - E) 
^^^(^nnlAR^ (A8) 
C.  Non-dimensional System Governing Equations 
It is helpful to non-dimensionalize the governing equations. 
We define non-dimensional terms as follows: 
mj = ifij/pUAj, mE = m^/pUAj 
2 2 
L
   '   2     '    ss  Lss' 2 
U2 - AP = P/-4J- , T = T-WC 
i,2 
E = E/^- , t = twc 
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whore U means   the mean  rotor velocity, w    expressed  the Helm- 
holtz  frequency,   and  r   is   the  time  constant of blower or com- 
pressor. 
That is, 
w - a 
c 
A 
where a is the speed of sound. 
P"I 
1.       Rewrite equation  (Al)  as 
(C  -  AP) 
dm,       Aj 
dt        Lj 
Introducing  non-dimensional   terms, 
dm        dnu     pUAj 
dt"     c|JAi     tw 
dm 
I -c u   dt 
pUAr W 1  c 
C - AP = C--AP • pUZ = (C - AP) PU2 
pU2/2   2 2 
Therefore, 
dmT AT     M2    . 
-
1
 fmi»r - r  ■>-(c - AP) dt c      LI     Z 
drflI  _        1        AI  pU2 
df " PUAjWc  Lj     2 
(C  -  AP) 
;A9) 
?wcLI 
where 
(C  -  AP)   -  B(C  -  AP) 
U |  VP 
2wl.T       PaJAjLj 
c I 
(A10) 
(All) 
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2.       Rewrite equation  (A3)  as 
dt      PVp       ! E; 
(A12) 
To non-dimensionalize equation (A12), by the same method 
dP 
dt 
1 (g)   (nij   - mE) 
liquation  (A13)   is   the  reverse of equation  (A10). 
(A13) 
3.  To non-dimensionalize equation (A8), 
dm_ 
>
UAIwc '  AT L 
AI LI PU
2
    (AP - E) 
dt   ' -     I AI  2 (LT+(Vn-N- ^)ln(AR0)) 
AR0-T 
drL 
AT 
2w L dt   ' c l (LT+(fl/-Y)ln(AR0)) A 
(AP .- E) 
et, 
AR0-1 
(LT+(AR^T)ln(AR0)) 
'o" "i 
N 
AT I-! 
dm 
dt 
:
E
 = (g-)(AP - E) 
(A14) 
(A15) 
(A16) 
To non-dimensionalize variable, E, from equation (Bll) 
E  =  V./H PU 
A 2 2    I 1 mE2 
(a +      ?) 2 oil? n  2 AR      2PAT    PU    n~ AT' 
iA-wcos(wt) 
l+AA-sin(wt) 
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((    N  Jln(ARj ]-)mF    -2- 
I     +    1   w\2 ^ 2       ,AA-w-cos(w.t) 
AR^    ttT l+AA-sin(wt) 
2A 
where 
[rip - nir/pUAr 
4.  To make non-dimensional equation (8) of Chapter II 
TW   w   ,    ,2  Ccc-C     ..2 c   c  dC  PU  , ss     oil 
w c (|t-wc pu2/2 2   ()U2/2 
2 2 
- dC . pU  _ (7. r\   PU 
dt   2 2 
.-. 
dC
 = 
]
- (C-. - C) (A18) 
dt  T 
D.  Equations for the Djffuserless Systems 
To evalute the effects of a throttle duct on compression 
systems, the equations for the system without a diffuser were 
derived.  Deriving procedure is similar to equations for the 
diffuser system. The pressure difference across the duct of 
Fig. 2 can be expressed as follows. 
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I  dm 
T   3   4     AT dt 
and 
F 
2pAy2 
(1 » a) 
(A19) 
(A20) 
whore F is the pressure drop across the throttle valve, and a 
is the loss coefficient for the throttle valve. Manipulating 
equation (A20) 
dm    Ay 
(AP - F) :A21) 
dt   l-T 
Non-dimonsionali/ation of equations   (A20)   and  (A21 )   are  shown 
as  follows. 
driip 
dt 
dm 
dt 
AT AI  '-I  [>U2 
PUA,w^  -     "•   ■"- /  '-"•- (AP  -   F) vlnc 
-T LI  AI     2 
E  ,        l      PU2 AT I I   (Ap 
f>UAjWc    2    LT Aj 
U      Ar Li 
2w c'-I   LT AI 
(AP  -   F) 
-   (g)   (AP  -   F) 
where 
I   A 
G - F  I 
■IAT 
To non-dimensionalize  F, 
(A22) 
(A23) 
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m
F |,2      (l+a)m 2 (Hex)       E--/ p^    =        .   . E. 
?pA/ 2        P?U?AT2 
(Hi)   E \ 
P?U?AI
?
 AT
2 
(H«) mF2 L1-)2 (A24) 
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APPKNDIX B 
DIITUSER UNSTKADINESS CHARACTERISTIC 
AND PERFORMANCE CURVES 
In this appendix, the mathematical equations that describe 
the diffuser area ratio variation (AA), and the frequency of 
unsteady diffusers (w) are given.  The equations of the steady- 
state performance curves for blowers and compressors also are 
presented. 
A.  Diffuser Area Ratio Variation, AA 
Values of AC were measured from Fig. 7, which was deter- 
mined experimentally by. Smith and Eayne (22). To obtain values 
of ACD, one first must determine an expression for the diffuser 
area ratio. For a diffuser with and without a region of stall, 
an effective diffuser area ratio (ARe) can be expressed approx- 
imately as a following equation if included angles of stalled 
region (in transitory stall flow model) is small: 
ARP - }-  = ,.-?- = 1 + 2(N/W-,)tanO - 0.2(N/Wn)       (Bl) c
  A-i   W-j ' ' 
Substituting conditions   for diffusers  of ARe  =  1.85 and  N/W-.   = 
6  into equation  (Bl): 
1.85 -  1   + 2(6)tan0  -  0.2(6) 
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.-. 2o -- 19.39° 
rrom Tig. 7 for ?o   -  19.39° 
ACPe = 0.0609 
We can express Cpemax and Cp(1|in-n as follows: 
cPemax = cPe f ACPe/2 
cPemin = CPe " ACpe/2 (B2) 
and Cpe means effective pressure recovery coefficient, which is; 
CPe = 1 -   ?- 
ARe
2 
Therefore, 
CPe = 1 -  ' ■ .- = 0.708 
1.852 
Substituting this value into equation (B2): 
Cpemax " 0-708 t- 0.0609/2 = 0.806 
cPemin = 0.708 - 0.0609/2 - 0.610 
Also, 
ARemax " /-"-■-  -: ' ARemin " .  . _.; (B3) 
Thus, 
ARemax = 2.270 , ARcmin = 1.601 
and 
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AD  
ARemax~ARemin 
AAR r 
2 
AA = ^ (84) 
whore ARQ moans an initial diffuser aroa ratio, 
rinally, 
AA^ (.2-2.70-1. 601.).  l..,0.181 
2      1.85 
Valuer  of AA(= AAR/ARG)   for diffuscr area  ratios   from ARe  -  1.05 
to 2.0,  shown  in  Table  5,  where determined by  the same method. 
R.       The Wash-out  frequency of Unsteady Diffusers 
An  inviscid,   one-dimensional   transitory stall   flow diffuser 
is  considered.     The  diffuser model   is  a  typical   two-dimensional 
plane wall  diffuser as  shown  in fig.   4.     The data for the sys- 
tem model  were  quoted   from  two  sources:     one was  a  blower of 
Model   6E  f.S.   (with  20.25  inches  dia.   wheel,  maximum capacity 
of 4240  ft3/nn'n.   and AP|nax  -  30  inches water)  made by Buffalo 
forge  Co.   (31)   and   the other was  Greitzer's  experimental   data   (8), 
1.       Blower-Driven System 
a)     Data  Sources 
Plane wall   air diffuser 
ARe  =  1.85,  N/W-,   -  6,  b/W]   =  4 
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W1 - 0.08007 m, 2e -- 19.39° 
moan diffuser inlet velocity, V = 78.03 m/s 
Reynolds number, Re -j - 4.303 x 10^ 
where W-j is inlet of the diffuser, b is distance between parallel 
walls of the diffuser, and N is a diffuser centerline length, 
b) Short Duration Time-Scale 
From equations (26) and (27), 
x =  T.-V - (B5) 
N-sin2o 
and 
0.825 
T = (0.0260 + 0.061) Rew] (B6) 
Substituting given data into equations (B5) and (B6), 
c 0.825 
T - (0.0260)(4.303 x 10b)     = 1160 
- _ x-N.sin2e = 1160x6x0.08007xsin(19.39) 
V 78.03 
= 2.371 sec. 
So, mean time-scale, T, is 2.371 sec. 
In addition, the frequency of unsteady diffuser, w: 
w -■= ]- (B7) 
T 
Therefore, 
1 -1 
w =    -- = 0.4218 sec. 
2.371 
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2.       Compressor-Driven  System 
a) Data  Sources 
plane wall   air cliff user 
AR  =   1.85,  N/W1   -  6,   b/V^   =  4 
W]   =  0.1311  m,  26   =  19.39° 
mean diffuser inlet velocity, V   - 98.12 m/s 
Reynolds  number,   Re  -j   =  8.858 x  "ICr 
b) Short Duration Time-Scale 
Substituting given data  into equations  (B5)   and  (B6), 
T  -  2097 
Mean time-scale f is  5.581   sec. 
Therefore,  the frequency of unsteady diffuser, w,   is 0.1792 sec. 
C.       The Equations of Two System Curves 
For data of steady-state performance curves as  shown  in 
Figures la and lb,  a blower performance curve was obtained from 
a performance chart of a blower of Model   6E  F.S.   in Buffalo 
Forge Company  (31)  and a compressor performance chart was quoted 
from Greitzcr's  experimental  data  (8).    The equations of two 
different steady-state performance curves on blower and com- 
pressor system are approximately calculated. 
-1 
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1.       The  equations  of a  Curve  on  Blower  System 
As  shown  in  Fig.   19  or  Fig.   lb,   equations  of  right and 
left sides at  the peak or the curve will   be different as  follows. 
a) At Left Side:    itij  >  0.4862 
Css  =  -2.288  (mj   -  0.4862)2  +  1.332 (B8) 
where C       represents   the  equation  of a  steady-state  curve. 
b) At Right Side:     rhj  <   0.4862 
Css  -  -0.7500  (mj   -  0.4862)     +  1.332 (B9) 
2.  The Fquations of a Curve on Compressor System 
As shown in Fig. 20 or Fig. la, we can assume three differ- 
ent equations for the curve according to flow regime locations. 
a) At mj > 0.65 
Css = -50.694 (mj - 0.65)2 + 1.130 (B10) 
b) At 0.48 < rhj < 0.65 
Css - -4.8443 (ifij - 0.48T + 1.270 (Bll) 
c)    At mj  <_ 0.48 
Css  -  6.5828  (itij   -  0.22)2 + 0.825 (B12) 
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